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This is the final r sport for our conesptusl design study for ths 
sseondsry mirror system to bs ussd in ths Shuttls Znfrsrsd 
Tslsseops Facility (SIRTF). Ths following sight tasks comprised 
our statement of work for ths study. 

1. Perform a litaratura review to identify designs which are 
currently in use or are now being developed. 

2. In conjunction with NASA personnel* define the major 
issues which must be addressed by the SIRTF secondary mirror 
actuator design. 

3. Develop alternative ideas for the secondary mirror 
actuator system* with particular attention to the requirement for 
operating the system in a cryogenic environment. 

4. Perform a tradeoff analysis between different possible 
actuator systems in terms of the major SIRTF issues identified in 
Task 2 above* again with consideration for the cryogenic 
requirements. 

5. Prepare and submit a midterm progress report. 

6. Develop a specific conceptual design approach for the 
secondary mirror actuator system. 

7. Outline a plan for developing the recommended actuators* 
and identify those issues which will be of critical importance in 
the developmental effort. 

8. Prepare and submit a final project report. 


The results from the first four tasks were discussed in detail in 
our midterm progress report* and while we will not repeat that 
entire discussion here* we have drawn extensively from some parts 
of the earlier report. In particular* Sections II* III* and v of 
the midterm report summarise essential parts of our work under 
this contract* and much of that information is central to our 
discussion of the conceptual design we present below. Section II 
of this report* for example* sets forth the issues defined under 
Task 2 which will be crucial to the success of SIRTF* and this 
discussion has been taken almost verbatim from our midterm 
report, while most of Sections III and IV in this report also 
appeared in the midterm report* the numerical estimates have been 
updated to reflect our most recent calculat ions. 

Much of the information includad from ths midterm report forms the 
foundation for the conceptual design described in this report, as 
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we identified the major issues for the SXRTF secondary Mirror 
iyatM> and later examined cho fundamental problem of driving cho 
Mirror* a consistent theme became apparent leading to our 
eoncaptuai design for cha aaeondary mirror syacam. Hence* tha 
design haa avcivad aa a natural consequence of eddressinq tha 
fundamental problama inharant in tha SXRTF apacif i cations* and 
saaoa to provida a sound approach to tha most important problems 
which must ba solved. 

Zn presenting this type of comprehensive summary* we’ve also triad 
to construct a basis for evaluating other designs which might ba 
suitable for tha SXRTF secondary mirror system, xt is our hope 
that such a summary can ba used for preliminary evaluations of tha 
various designs to identify those which merit further development. 
Our own eoncaptuai design developed under Task 6 represents the 
culmination of our efforts under this study* and it must* of 
course* also meet the criteria we’ve set forth, xn section vx we 
try to evaluate the design against those criteria. 

We have also tried to identify those issues in our design which 
present the greatest risk* and these are discussed in Section XX. 
These points played a central role during Task 7 in which we 
outlined a program for developing the proposed system. The 
program identifies milestones associated with each of the critical 
facets of our design* and presents an approximate timetable for 
resolving the soit important questions and actually fabricating an 
operational prototype device. 
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II. OPERATIONAL ISSUER POR EVALUATING ACTUATOR DESIGNS 


Continuing discussions with NASA personnel indicate that some 
details of the performance requirements for SIRTP have not yet 
bean firmly established. To avoid confusion in our numerical 
estimates, and for completeness# ws first summarise the numerical 
•pacifications which ws have boon using. 


1. Secondary mirror diameter t 10.7 cm. 

2. Chopping motion specif icat ions * 


a. 

b. 

c. 

d. 

e. 

f . 


Mirror drive must provide two-axis chopping. 
Chopping amplitudat Variable up to 28 aremin. 

Variable up to 20 Hs. 

Square# triangular# sawtooth. 
90%. 

Continuously variable. 


Chopping frequency! 
Chopping wavaformt 
Duty eyelet 
Chopping exist 


3. Chopping drive should also provide fine guidance control 


4. 

5 . 


6 . 


7. 


8 . 


Absolute pointing stabilityt 

Secondary mirror operating temperature t 

Maximum power dissipation at secondaryt 
Desirable power dissipation! 

Thermal drift in the secondary mirror t 

Mirror drive must be reactionless. 


0.1 arcsec. 

T < 7k. 

200 mwatts. 
SO mwatts. 

10 pK/sec. 


The above constraints place stringent requirements on the mirror 
drive system, in particular# the simultaneous requirements for a 
20 Hs chopping rate# a 90% duty cycle# and a 28 aremin total throw 
with a 0.1 arcsec pointing stability over the duty cycle will be 
extremely difficult to achieve# even in the absence of other 
constraints. 

To illustrate more clearly the difficulty of meeting these 
specifications# the servo-control system must swing the mirror 
through an angle of 28 aremin# then position it to a precision of 
about .008 percent (referenced to the total throw) in a total time 
of 2> 5 msecs. This is not a trivial problem. Our Tecnnical 
Monitor at NASA has recently indicated that the duty cycle 
specification may be relaxed# whieh should substantially ease the 
requirements on the servo-control system# but meeting all of the 
specifications will still require careful design and engineering 
in the secondary mirror system. 
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Xn Addition to tho above numerical specifications# however# there 
•r« several other isouoo we've idontifiod whieh will oovoroly 
of foot its performance if not proporly oddrooood. sineo tho 
expertise of Quantum Design poraonnol lioa primarily in tho aroaa 
of cryogenic inatrumontation and low tomporaturo physics# rathor 
than optical systoM or infrarod astronomy# inputs from our 
Technical Monitors at NASA wars particularly uaoful in helping 
define tho issues discussed below. 

we initially approached the problem by considering the fundamental 
physical problems inherent in meeting tho secondary mirror 
specifications for mechanical chopping# pointing stability# 
thermal dissipation# and the cryogenic environment in which the 
system must function. Along with the additional requirements for 
simplicity and reliability in the system# these considerations are 
issues discussed below. 

1. Reliability. One of the greatest concerns in any 
spaceborne system is reliability. Regardless of how well the 
system fulfills its other operational specifications# it will be a 
failure if the secondary mirror articulation system cannot 
function with nearly one hundred percent reliability. Xn 
cryogenic applications a primary key to reliability is simplicity 
of design minimising the number of moving parts# the number of 
interfaces between different materials# and avoiding close 
mechanical tolerances in fabrication and assembly. 

2. Thermal dissipation in the mirror. This is of vital 
importance for SXRTF since any thermal dissipation in the mirror 
itself will be directly visible to the XR detectors. Furthermore# 
the resulting thermal gradients in the mirror will combine with 
the chopping motion to produce a spurious modulation at the 
detectors. The problem will be exacerbated by the low heat 
capacity of materials at the required operating temperature of 4 
to 7 Kelvin. (The heat capacity of beryllium at 7 Kelvin# for 
example# is about .0002 joules/gm-K# about a factor of 10* 

less than at room temperature. 2 ) xn spite of the high thermal 
conductivity of beryllium at these temperatures 3 (of order 13 
watts/cm-K)# even small amounts of eddy current dissipation in the 
mirror will produce unacceptable temperature fluctuations. 

3. Distortions of the mirror. Another critical issue will 
be the magnitude of distortions in the mirror produced by the 
driving forces. Xdeally# the driving forces will be applied to 
the mirror during the transition between its dwell points# rather 
than during the dwell period. Xf the inherent Q of oscillations 
in the material of the mirror is not too large# the resulting 
distortions should relax sufficiently quickly to avoid serious 
interference with the observations. This question will be closely 
linked with the problem of making the mirror as light weight as 
possible while still providing the required rigidity. Lightening 
the mirror also has the desirable feature of decreasing both its 
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moment of inertie end the forces which will be required to drive 

it. 


4. Totel thermel dieeipetion et the eeeondery mirror mount, 
while geseous helium mey be eireuleted to the eeeondery mirror 
eite to provide cooling* cere must etlll be token to minimise the 
totel dieeipetion in the eeeondery mirror drive eyetem. The SXRTF 
deeign epecif ice t ion ie 200 milliwetts meximum dieeipetion et the 
eeeondery mirror mount with e deeign goel of leee then SO mwetts. 
with the edditionel requirements Cor e ninety percent duty cycle 
et e 20 Ms chop* end e totel throw of 28 eremin* this low limit 
for power dieeipetion pieces stringent constreinte on the mirror 
ectuetors end control system. An excellent epproech to reducing 
the power dissipeted et the eeeondery mirror mount will be to use 
superconducting components provided they cen be implemented 
without compromising other espects of the design. 

5. Thermei menegement. Another espect of the thermel 
dissipetion problem is the wey in which dissipeted heet is 
conducted ewey from the mirror. For exempie* the thermel 
menegement of e design Mist eddress such points es the emount of 
heet dissipeted in elements etteched directly to the mirror# the 
thermel connections between the mirror end the heet sink* end 
thermel gredients in the mirror which might result from heet being 
extrected from the system through the mirror itself. Hence* the 
ideel design will minimise dieeipetion in eny component connected 
directly to the mirror* end will intercept eny dissipeted heet 
before it reeehes the reflecting surfece. 

8. Overell competibility with operetion in cryogenic 
environments. Since the tempereture. of the secondery mirror must 
be meinteined below 7 Kelvin* ell components of the system must be 
eble to function et this very low tempereture. Furthermore* the 
system must be eble to survive repeeted thermel cycling from room 
tempereture* end it must be extremely relieble once it hes been 
cooled to opereting tempereture. Cryogenic espects of the design 
include such cons ideret ions es differentiel thermel contrection 
between different meteriels* heet sinking of dissipetive 
components neer the secondery mirror* end the expected lifetime of 
f lexurel joints when opereting et cryogenic temperetures . 

7. inclusion of e reection mess, while the requirement for 
e reectionless system is included in the ebove list of numericel 
specif ice t ions for SXRTF* we elso include it here es e generel 
consideretion for evelueting different designs since the design 
concepts must be cosset ible with including e reection mess. 
Consequently* to be eccepteble the system must provide e 
reesoneble implementetion for the reection amiss. 

These ere the generel issues which we believe will be importent 
for the SXRTF secondery mirror design. In the next section (teken 
primerily from Section XXX of our midterm report) we discuss some 
of the smre specific engineering espects of the system which will 


be crucial in developing e device which cen beet the stringent 
specifications Cor chopping capability and pointing stability# yet 
fulfill the requirements outlined above. 
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XXX. FUNDAMENTAL DESXON XSSUE1 FOR THE MIRROR SYSTEM 


Tha numerical apaelfleationa outlined in Station XX piaea 
stringent requirements on tha SXRTF aacondary mirror system. whan 
tha additional* more ganaral eor.aidarationa of thermal 
dissipation# reliability* and eryoganic requirements ara addad* 
tha problem baeoaaa txtraaaly difficult from an anginaaring 
atandpoint. Tha arguments in thia aaction raaultad from trying to 
make tha ovarail aacondary mirror problem more tractable. 

Xn ganaral tarma* tha torque and energy required to achieve tha 
deaired motion of tha aacondary mirror will be determined by tha 
angular acceleration* maximum angular velocity* and tha total 
moment of inertia of tha moving elemente. Since the angular 
acceleration and tha maximum angular velocity ara eesentially 
defined by tha apacif i cat i one for total throw and chopping rata* 
tha only remaining property of tha ayatam we can aaaily manipulate 
ia tha moment of inertia of tha ayatam. To optimise tha daaign 
than* we muat addraaa tha following pointe. 

1. Reduce tha Mae of tha mirror to tha maximum extant 
poeaible coneiatent with tha raquiramanta for rigidity and 
atrength. Xn particular* eliminating axcaaa material near tha 
adgaa of tha mirror will yield aubatantial raductiona in tha total 
moment of inertia of tha ayatam and tha eorreeponding torquaa 
which will be required to drive it. Thia will have tha addad 
benefit of incraaaing tha frequency of aalf reeonaneea in tha 
mirror atructura which will be an important iaaua in daaigning tha 
servo-control loop for tha ayatam. 

2. Reduce tha eharactariatic linear dimeneione of tha 
mirror* aubjact to tha requirement that tha reflecting aurfaca 
have tha required diameter. Nora apacif ically* we need to 
minimise tha moment of inertia of any levers or other structures 
associated with tha mirror actuators. This includes not only 
reducing their mass* but minimising their distance from tha axis 
of rotation. 

3. Identify those actuators which can produce tha necessary 
force with an absolute minimum of moving mass. Thia will be 
particularly advantageous since an actuator having little mass in 
its moving elements will have to generate less force to produce 
the required motion* and the total energy requirement will be 
reduced. 

4. Optimise the radius on which the actuator operates. For 
any system in which the actuator forces are not applied direetly 
to the mirror* there will be some optimum distance from the axis 
of rotation at which the actuator should be located. Thia optimum 
represents a tradeoff in which the increasing moment of inertia 
and decreasing rigidity of the actuator lever arm are balanced 
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against the mechanical advantage obtained Iro* a longer lavar arm. 
Although ena can aidaacap thia problam by allowing cha actuator to 
aet diractly on tha back sida of tha mirror# we ballava that thia 
tachniqua will not ba aultabla for two raaaona. 

rirat# forcaa applied direetly to tha mirror# aapacially naar ita 
eutar edges# will raqulra Incraaaad rigidity and maaa in tha 
mirror atructura to kaap distortions within aecaptabla limits. 
Secondly# and mors importantly# with actuators acting diractly on 
tha back of tha mirror# it will ba extremely difficult to 
completely aliminata all thermal dissipation in tha mirror 
structure# especially if any type of electromagnetic actuators are 
used# as proposed in several designs 4 “ . 

To further illustrate tha concerns outlined in tha four points 
above# and make tha discussion more quantitative# consider a 
mirror whieh moves between its two dwell points in a sinusoidal 
motion to produce a chopping waveform with a 90% duty cycle and 30 
aremin throw at 20 Hs as shown in Figure 1. From these values wa 
find a maximum angular velocity of about S.5 radians/sac. Our 
initial calculations for tha moment of inertia of tha mirror 
indicated that a value of about 1.0 x 10“ 4 kg-m 2 for tha total 
moment of tha moving elements might ba possible with vary careful 
design. Using this original estimate# we find a maximum kinetic 
energy for the mirror of about l.S mini Joules. Since this amount 
of energy must be supplied twiee during each cycle# the total 
energy delivered to the mirror at a 20 Hs chopping rate will be <0 
milliwatt?. Furthermore# if the energy is not dissipated in some 
damping mechanism at the mirror# the actuator drivers will have to 
reabsorb that 90 mwatts by generating reverse forces to stop the 
mirror. 

Nora recent inertia calculations based on a well developed 
conceptual design# however# show that the value assumed above is 
probably too optimistic. As we discuss in some detail in Section 
VIZ# a value of l.S x 10“ 4 kg-m 2 should be readily achievable# 
with a value possibly as low as 1.3 x 10” 4 kg-m 2 . If we take the 
more pessimistic view# our calculation of the previous section 
becomes 90 mwatts of power being delivered to and reabsorbed from 
the mirror at the maximum chopping amplitude and frequency. Zf we 
assume lossless actuators# the energy can then be dissipated in 
the actuator electronics which can probably be located remotely 
from the secondary mirror mount. This will almost certainly be 
required to meet the SZRTF power dissipation limit at the 
secondary mount. 

These arguments clearly demonstrate the importance of reducing the 
total moment which must be driven by the actuators. However# even 
these estimates are very optimistic because of our initial 
assumption of a quasi-sinusoidal transition between the dwell 
positions. To achieve the required amplitude and settling time# 
the servo-control system will have to deliver substantially more 
energy to the mirror than indicated in our simple calculation. 
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For sinusoidal motion: 

0 * 0 sinXit 
0 

0 * 15 arcmln (.00436 rad) 

0 

At a 20 Ms chopping rata and 90S duty cycla: 
t^ - tj ■ 2.5 msac 
/x ■ 1.26 x 10^ rad/sac 
Max angular valocity « 5.5 rad/sac 
Max angular accalaration ■ 6.9 x 10^ rad /s '- 


Figura 1 . Rough astimata of raquirad mirror motion 
for S1RTF sacondary mirror. 
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Nil;* Dix 7 of NAM has Md« mm preliminary calculations on the 
servo-control system requirements which we expect will be required 
to moot IWW point inq specifications* and which could fenerate 
the required chopping. For his model Dix assumed a total aooent 
of inertia of l.f x 10"* kg-xr# and a push-pull actuator pair 
operating on 4 ea lever arms* and found a settling tine of about 1 
to 3.* msecs (to a point inq accuracy of 0.1 areeec) with a maximum 
force of about 40 newtons per actuator. To make a comparison to 
our conceptual design# we should be able to achieve a 10 to 20 
percent reduction in moment of Inertia from Dix's value# and we 
expect to be using a similar pair of actuators on a 20 to SO 
percent lonqer lever arm. Consequently# these calculations 
indicate that we miqht be able to approach the sett 1 inq time of 
2.S msec required to produce a 90% duty cycle at 20 Ns. 

while the above estimates are reasonably consistent with shut 
specifications# they effectively demonstrate the necessity for 
keeping the moment of inertia of the entire system at an absolute 
minimum. While optlmislnq the moment of inertia will require 
little sacrifice other than careful mechanical desiqn# wo believe 
that the probability of meetinq the SZRTT specifications can be 
significantly improved at the beqinning of the development effort 
by giving proper attention to this fundamental issue. In 
particular# any success in decreasing the total moment of the 
moving components will return the following benefits! 

1. A decrease in the energy which must be supplied to the 
mirror during each transition between dwell points. 

2. A decrease in the forces which must be applied to the 
mirror to produce the required motion. 

3. A decrease in the voltages or currents which must be 
supplied to drive the actuator. This will also reduce stray 
magnetic fields which will decrease eddy current dissipation in 
the mirror or support structures which is particularly important 
for magnetic actuators. 

4. Less dissipation in the actuators and electronics# which 
should decrease as the square of the applied current or voltage. 

9. And finally# less inertial reaction which must be absorbed 
by a reaction mass or by the secondary mount itself. 


A simple statement of our general approach# then# is to give 
particular attention to minimising the total moment of the mirror# 
•elect an actuator which has the smallest possible mass in its 
moving elements# provide soma mechanical advantage for the 
actuator with the goal of reducing the maximum forces which era 
required# and minimise or eliminate thermal dissipation in the 
mirror structure itself. Zn addition* we would hope to select an 
actuator which could be readily adapted to use superconducting 
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elements# •specially for those components which are to become part 
of tha airror assembly. Th« conceptual design we present below is 
consistent with these goals. 

Finally# we would like to sake the following comment with respect 
to the above discussion. The issue of Minimising the moment of 
inertia of the system My seam obvious or trivial# and perhaps 
undeserving of the attention we have given it. However# a review 
of some of the proposed actuator systeM has led us to conclude 
that# in more than one instance# this simple and fundamental 
consideration has been seriously compromised or even completely 
lost in the details of a particular mechanical design. 
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XV. RICONMINDATXONS ON SPECIFIC ACTUATORS 


At the beginning of this study our primary goal was to simply 
•xtaina spool fie actuators for tho secondary Mirror without 
particular attention to the store general system design. However* 
it quickly became clear that the suitability of any given actuator 
would depend closely on the overall mirror system design. 
Consequently* our evaluation came to include not only different 
possible actuators* but also the particular mechanical 
configuration which was proposed for their implementation . This 
has been advantageous as we have been forced to think more in 
terms of the overall system and the fundamental issues of the 
mirror drive problem* rather than considering only one limited 
aspect of the problem, we have generally taken the broader view 
throughout this study* but in evaluating various designs and 
developing our own concepts ws have also reached some conclusions 
about the actuators themselves. 

After several weeks of computing moments of inertia* estimating 
the forces available from different actuators* and worrying about 
thermal dissipation and thermal anchoring of different components 
in the mirror system* we can make the following observations 
regarding the nature of an ideal actuator. 

1. First* the actuator must contribute as little as possible 
to the moment of inertia of the system. Since it will be 
operating at some distance from the axis of rotation* any 
substantial moving mass will dramatically increase the moment of 
inertia of the system* require larger forces from the actuator* 
and ultimately lead to higher dissipation in the system. 

2. Any actuators which produce stray magnetic fields must be 
removed from the immediate vicinity of the mirror to avoid eddy 
current dissipation in the mirror itself. One of the greatest 
concerns for SXRTF will be thermal dissipation and thermal 
gradients in or near the reflecting surface of the secondary 
mirror . 

3. Our third concern is a further ramification of the 
thermal aspects of the design. Specifically* the actuator must 
produce the smallest possible dissipation in its moving elements. 
Since the moving components of the device will be* in some manner* 
directly mechanically connected to the mirror* heat dissipated in 
the moving parts of the driver will have a direct thermal path to 
the mirror, while the mirror system design must provide a suitable 
way of extracting dissipated heat before it reaches the reflecting 
surface* any reduction in the amount of heat which must be removed 
will ease the design problem. 

4. Another concern is that the actuator must work well at 
cryogenic temperatures. Fiesoeleetric devices* for example* 
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produce only about on* third as much displacement at lo Kelvin as 
thay do at roe* temperature. Also ths aetuator must produce very 
little dissipation at low temperatures. This is particularly 
important because of the very small heat capacities of materials 
at the operating temperature of the mirror. 

5. The actuator of choice should be readily compatible with 
the use of superconducting components which can eliminate ohmic 
heating# especially if large currents are required. Also# if the 
actuators produce fluctuating magnetic fields or large field 
gradients# the nearby components of the actuators must be 
electrical insulators so that eddy current heating is also 
eliminated. 

6. Sixth# to help reduce dissipation in the drive 
electronics# the actuator should produce an absolute minimum of 
dissipation during the dwell periods of the chopping cycle. 
Fulfillment of this condition will minimise the time averaged 
dissipation in the actuator and keep the total dissipation in the 
system low. 

7. Due to the problems of differential thermal contraction# 
the actuator should not require that extremely close tolerances be 
maintained during fabrication and assembly in an attempt to 
achieve precision fits at cryogenic temperatures. Such designs can 
be frustrated by nonuniform thermal contraction of construction 
materials as the system is cooled to its operating temperature. 

8. Finally# the actuator itself must be basically immune 
from mechanical resonances which may interfere with the servo- 
control system. 

The various actuators we've considered include piezoelectric 
devices# linear motors# voice coil drives# the Lockheed style 
motor which is a somewhat different implementation of the linear 
motor concept’# and mechanical springs operating against an 
electromagnet as in the GIRL design’. We make the following 
observations about these different types of actuators. 

while linear piezoelectric actuators fulfill nearly all of the 
criteria# they are eliminated simply by their failure to produce 
sufficient linear displacement 8 . The upper limit on linear 
displacement using piezoelectric stacks is about .001 cm at room 
temperature which is at least a factor of 3 to 10 leas than 
required# and the situation is substantially worse at cryogenic 
temperatures where the performance of the piezoelectric materials 
drops by a factor three or more, we also considered using a 
piezoelectric bender bimorph# but these devices do not provide 
sufficient force to actuate a single piece mirror, while the 
bimorphs might be suitable for a segmented mirror design# other 
considerations appear to overwhelm any possible advantages of this 
approach. 
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while the Lockheed design* should produco substantial forces# 
ths motor Itsalf e«Ut tho abovs eases on savaral eounes. it will 
dramatically ineraasa eha nonane of inareia of eha system# and 
ehara nay bo subaeaneial dissipaeion in eha moving armature# both 
from alaeerieal dissipaeion in eha coil and addy currant 
dissipaeion in eha arnaeura eora. xn eha Lockhaad design# we also 
expect a subaeaneial problan in achieving eha required tolarancas 
ae cryogenic eanparaeuras. 

Wa hava noe proposed a specific implementation for a more 
convaneional linear motor since ie will suffer from many of the 
sane maladies as eha Lockhaad design. Specifically# eha magnetic 
armature material will dramatically ineraasa eha nonane of inareia 
of eha moving elements, while ehara would typically be no 
windings on eha armature as in eha Lockheed design# there will 
still be a problem of addy currant losses in eha armature# and 
stray fields from eha electromagnets if eha actuator is near eha 
mirror, using a more convaneional linear motor in a cryogenic 
environment may also present difficulties in maintaining the 
raquirad clearances. 

The GIRL design 6 offers an alternative approach using electro- 
magnetic actuators in a rather different configuration, while the 
GIRL chopper will probably produce less eddy current heating than 
a linear motor# the period of maximum dissipation in the system is 
during the dwell periods. This is particularly unfavorable in 
terms of the duty cycle for the current which must be supplied to 
the actuators. Another potential difficulty with this design is 
that substantial forces are exerted on the mirror during its dwell 
period which will require a heavier mirror to prevent unacceptable 
distortions in the reflecting surface during the observation part 
of the chopping cycle. 

However# as pointed out by or. waiter Brooks of NASA# one 
significant advantage of the general design is that in ths event 
of a failure# the mechanical springs will insure that the mirror 
comes to rest at the central position rather than at one extremum 
of its throw. This would allow at least some types of observations 
even following a catastrophic failure of the secondary mirror 
drive system. 

Finally we address the voice eoil design which seems to fulfill 
our requirements better than any of the other actuators we’ve 
considered. Since the only moving component of the actuator is the 
coil itself# the additional amment of inertia can be small# 
especially if special attention is given to designing the support 
structure for the coil. Similarly# eddy current and ohmic losses 
in the moving elements can be nearly eliminated if the coil 
carrier is made of an electrical insulator and a superconducting 
coil is used. 

Another natural feature of voice coil actuators is that their 
performance should significantly improve at cryogenic 
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temperatures. Both tho remnant field and coercivity of samarium 
cobolt increase *t cryogenic temperatures producing improved 
performance in tho permanent magnets®, end tho octuotort ore 
ideolly suited for uoo with superconducting coils. Also# there is 
no portieulor requirement for holding extremely elose tolerences 
in these devices. 

Finally# the electronic dissipetion for voice coils devices should 
elso be eccepteble since the forces required to hold the mirror et 
its dwell points will be reesonebly smell# essuminq thet there ere 
no preloedinq forces (es in the GIRL design). And beceuse of its 
mechenicel simplicity# there ere no obvious sources of mechenicel 
resonances inherent in the ectuetor itself. To conclude# of ell 
the ectuetors we've considered# the voice coil device seems to 
most naturally and completely fulfill the requirements outlined 
above# and the operating temperature specifications for the mirror 
are ideal for the use of superconducting coils, we discuss this 
conclusion in further detail in Section VZZZ. 


V. THE CONC EP TU AL DESIGN 


As outlined in our original proposal/ wa hava triad to davalop a 
design for the secondary mirror drive which solves many of the 
system's thermal and mechanical problems in a natural way/ rather 
than trying to address each particular concern by simply 
Introducing another modification to a preexisting device or 
design. Nonetheless/ the general features of our conceptual 
design were largely determined by four particular considerations. 
Specifically/ the most difficult problem was to provide the two- 
axis chopping capability while keeping the system as mechanically 
simple as possible/ and yet minimise the total moment of inertia 
of the moving elements and provide good thermal isolation between 
the actuators and the mirror Itself. Based on our findings in the 
first half of this study/ we assumed that the design would use 
some type of voice coil actuator. 

Zn this section we will discuss our approach to the secondary 
mirror design qualitatively/ then preeent some preliminary 
numerical estimates for the system in Section VIZ. One note of 
importance here is that the SXRTP specifications given to us at 
the beginning of this work specified a ninety percent duty cycle 
for the mirror/ and we have tried to address that requirement 
throughout this study effort. However/ recent discussions with 
NASA personnel have indicated that the duty cycle specification 
may be relaxed to 70 percent. This will represent a significant 
relaxation of the requirements on the servo-control system/ and we 
will comment further on this point later in this report. 


1. The design geometry. The physical geometry of the mirror 
was driven primarily by the need to minimise its moment of inertia 
while providing enough mechanical advantage for the actuators so 
that reasonable forees could be used. The other major 
consideration was the requirement for a two-axis chopping 
capability. Several previous articulated mirror systems have used 
actuators in a push-pull configuration with the individual 
actuators located on opposite edges of the mirror 10- . This 
typically requires that the actuators operate directly on the back 
of the mirror/ or that each actuator operate on its own lever arm. 
Lou Salerno and Niks Dix have done some preliminary calculations 
and experiments based on the latter configuration 1 ' 7 . 


Zn our design/ which is a modification of this scheme/ the four 
actuators are clustered behind the secondary mirror and operate on 
a single drive stem which extends backward from the center of the 
mirror. The principal features and general geometry of the design 
are shown in Pigurs 2. 

Zn this configuration the mirror is supported on a single flexural 
pivot which allows small rotations of the mirror about any axis 
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perpendicular to tho longitudinal axis of the talaaeopa. (Tha 
flexural pivot design is discussed furthar below. ) . Tha two 
parpandicular chopp ing axoa arc each driven by a pair of voice 
coil actuators operating in a push-pull node with the voice coils 
Mounted in a cluster on the end of the Mirror drive stem as shown 
in the cutaway view of Figure 3. Xn principle# the two orthogonal 
notions can then be contained to provide an arbitrary chopping axis. 
(This also will be discussed in store detail below.) Finally# 
position (and possibly velocity) transducers Mounted at the 
positions shown in Figure 2 provide Inputs to the servo-control 
positioning syeten for the Mirror. 

Xn the interest of clarity throughout the rest of this report# we 
define the phrase "Mirror assembly" to include the Mirror Itself# 
the drive stem#, and the aetuator coil cluster# but not including 
the wedge-shaped pernanent Magnets. Also# we will use the tern 
"Mirror" to refer only to that portion of the secondary Mirror 
structure which extends forward fro* the flex pivot outside of the 
Mirror housing and faces the telescope's primary Mirror. 

To sumMrise the advantages of this design# there are no external 
forces applied to front part of the Mirror which eliMinates the 
problee of the actuators introducing distortions into the 
reflecting surface. The design also provides the MXimum possible 
separation between the actuators and the mirror# can completely 
shield the mirror from any sources of thermal dissipation# and 
provides a natural heat sink at the flexural pivot which lies 
between the mirror and literally all of the dissipative elements 
in the system. 

Another feature of the design is its ability to trade off the 
mechanical advantage of a longer drive sten against its increasing 
moment of inertia. Our geometry My be particularly helpful in 
this respect since there is no critical limit on the length of the 
secondary mirror housing# but its diaMter oust be kept less than 
about 10 to 15 cm. While there are very real limits on the length 
of the drive sten# dictated by its required rigidity and the need 
to optimise the moment of inertia of sten and coil assembly# the 
design provides a convenient geometry for optimizing the tradeoff 
without exceeding the allowable dimensions for the mirror 
housing. Furthermore# by requiring only a single actuator lever 
to provide both chopping axes# the system has an inherent 
simplicity which will help eliminate high frequency mechanical 
resonances in the system. 

The reaction mss for the mirror is provided at the back end of 
the secondary mirror mount by a counterrotating cylindrical mass 
which might be driven with the mirror actuators. As shown in 
Figure 2# the reaction mss is supported by its own flexural pivot 
and coupled to the actuatora through a third flexural joint. While 
the configuration in Figure 2 shews one possible implementation 
for the react ion mss# we have also considered two other designs# 
which we discuss in more detail later in this report. Since we 
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have net yet reached e line! conclusion on this point# the design 
depicted in Figure 2 must be considered ee strictly e preliminary 
concept* We will consider the problem of the reaction mass at 
treater length in section VZZ where we briefly discuss two other 
alternatives. 

2. The thermal design, we believe that the thermal 
characteristics of this geometry represent one of the design's 
greatest assets# especially since the elimination of thermal 
dissipation and thermal fluctuations in the mirror will be crucial 
for SXRTF. The natural geometry of the design places all of the 
dissipative elements in the drive system at the end of the drive 
stem where they are removed from the immediate vicinity of the 
mirror. Furthermore# the mirror can be shielded from stray 
magnetic fields by placing a high permeability ehield on the 
mirror housing directly behind the mirror (probably inside of the 
housing) • 

The thermal design is further strengthened by using the flexural 
pivot as the primary heat sink for the entire mirror assembly. 

Most importantly# tha heat sink ie naturally located between the 
mirror and the dissipative drive elements so that heat generated 
in the actuators and drive stem is removed before reaching the 
mirror without requiring any thermal conduction through the 
mirror. Furthermore# if the flexural joint is designed to have a 
low thermal Impedance# the mirror will be in excellent thermal 
contact with the rather massive mirror housing which can serve as 
the local heat sink at the secondary mount, we present some brief 
numerical estimates for the thermal aspects of the design in 
Section VXZ. 

The other significant thermal feature of the system concerns the 
thermal contact to the permanent magnets for the voice coil 
actuators- The voice colls themselves will be part of the mirror 
assembly# but since they will be constructed of superconducting 
wire* there should be no heat generated in the coils themselves. 
Hence# the primary source of thermal dissipation will be 
hysteresis and eddy current losses in the magnets. A major 
advantage of the saving coil/permanent magnet actuators is that 
the magnets* whieh produce most of the dissipation in the system* 
can be mounted in direct metallic contact with the mirror housing 
to provide an extremely low thermal Impedance path between the 
magnets and the local heat sink. Also# since there will be no 
direct mechanical contact between the magnets and mirror stem or 
voice coils* there should be no significant transfer of heat from 
the magnets into the mirror assembly. 

3. The Mirror. The optimised design for the mirror will be 
an important aspect of the prototype development program* since 
the entire control system and actuator design will revolve around 
the total moment of inertia of the system. Zf the 8ZRTP duty 
cycle specification is relaxed* there will be less need to achieve 
the ultimate reduction in the m oment of inertia for the mirror. 
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Keeping its mbmi ms null es possible# however# will still be • 
dsslrsbls fMl sines s small moment for the mirror will help esse 
the requirements on the actuators and servo-control system. 

we have not yet developed the details of the mirror construction# 
but our preliminary calculations indicate that it may not be 
desirable to fabricate the mirror stmt from beryllium. Because of 
its very low heat capacity and good thermal conductivity# any heat 
dissipated at the end of the stem near the actuators will probably 
produce unacceptable thermal fluctuations at the center of the 
mirror. Since the heat capacity of all solid materials decreases 
very rapidly at temperatures below about IB Kelvin# the probable 
solution is to construct the drive stem from an electrically 
insulating material which has a low thermal conductivity. This 
accomplishes two thinqs. 

Pirst# the insulating quality of the material will eliminate any 
eddy current diselpetion in the drive stem# and since the voice 
coils will use superconducting wire# there should be almost no 
thermal dissipation in the drive stem or coil cluster assembly. 
Secondly# a low thermal conductivity in the drive stmt material 
will result in a very diffusive heat flow so that the only effect 
at the flexural joint will be a slight warming duo to the thermal 
impedance of the flexural joint. We discuss this point in more 
detail in sections VXX and VXXX where we present some simple 
numerical calculations to further illustrate the problem. 

The interface between the mirror and the drive stem is shown only 
schematically in Figure 2. The problem of differential thermal 
contraction will have to be addressed in the final design for 
mating the drive stem and mirror. .Howover# we understand from 
NASA personnel that there will be a circular "dead cone" in tha 
center of the secondary mirror which is not part of the optical 
system. Hence# it may be possible to fabricate the mirror with a 
central hole which would acc om modate a suitably designed drive 
stem. This is similar to the arrangement used by Lou Salerno and 
Nike Dix of NASA in their design for a preliminary experimental 
model of the mirror 1 ' 4 * * 7 . 

4. The flex washer. An innovative feature of our present 
design is the use of a "flex washer" to provide the universal 

flexural joint upon which the mirror can rotate. The primary 
advantages of the flex washer are the simplicity with which it can 
be implemented and the natural way in which it provides the 

thermal heat sink for the mirror. Xts primary disadvantage is 
that it represents an untested innovation which will require some 
developmental effort to insure that it will be suitable for use in 
SXKTF. We address this point more fully in Section X where we 
outline the tasks which will comprise a development program to 
produce a complete operating prototype of the articulated 

secondary mirror system. 
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On* f*«tur* that we believe favor* th* flax washer desiyn 1* th* 
ability te desiyn th# dimensions of tha flax joint ta L>* 
particularly suited te tha intended application. Par example# 
riyur* 4 shows four variation* of tha daaifn# all of vhich fulfill 
tha aaaa function# but each bavin? rather different mechanical 
properties. The yeometry shown in riyur* 4(a)# far example# 
should provide a fairly ri«id mount iny# reaaanable lonyitudinal 
support for tha mirror# and fairly larye rector in? farce* even for 
small rotation*. The washer desiyn in Piyure 4(c)# on the other 
hand# will provide a rather "soft” mount iny for the mirror. 

However # both of those desiyns will probably introduce an 
asymmetry into the system since the reetoriny farce experienced 
duriny rotation* about the "a" axis will be somewhat different 
from that about the "b" axis (where • ■ 49 depress). This could 
possibly causa problems in the servo-control system since the two 
choppiny axes could have different response functions dependlny 
on the choppiny axis. 

The desiyn shown in Piyure 4(b)# suyyested by Or. Pred Witteborn 
of NASA# illustrates an alternative approach which will help 
decouple the two axes of rotation and eliminate the "stretch iny” 
effects which would arise from rotations about the ”a” axis in the 
first yeoswtry. However# this desiyn# as trail as the desiyn shown 
in 4(c)# may not provide sufficient lonyitudinal support for the 
mirror. 

Yet another alternative is shown in fiyure 4(d) in which a solid 
washer is used# but with a sliyht corruyetion between its outer 
diameter and inner disaster. This yeoatetry will provide complete 
lonyitudinal symmatry with raspeet to the choice of choppiny axis. 
In addition# by eslectin? th* proper combination of thickness# 
inner and outer radii# and depth of corruyetion# the washer can be 
desiyned to have the correct mechanical properties. 

The on* potential problem we can envision in th* flex washer 
desiyn is th* possibility of lonyitudinal oscillations alony th* 
axis of th* mirror# since that will clearly be on* of th* normal 
modes for the washer. However# th* deformation produced in th* 
wash*r duriny th* normal choppiny motion of the mirror should also 
be a normal mod* of tha washar. Since the two modes of 
oscillation appear to be orthoyonal# w* would expect eneryy to b* 
coupled into th* lonyitudinal mod* only throuyh nonlinear effects# 
especially since the meynitud* of anyular displacement will be 
very small, furthermore# th* choppiny motion of the mirror will 
produce a node alony the axis of rotation (alony axis ”a" in 
riyurs 4a# for example)# while a lonyitudinal oscillation requires 
a nonsero displacement everywhere exuept at th* outer radius. 

while these observations do not provide any quantitative insiyht 
into th* lonyitudinal oscillation problem# the nature of this 
desiyn makes it ideal for analysis usiny numerical techniques in a 
computerised mechanical desiyn packay*. In view of the above 
discussion# we feel that it will b* hiyhly desirable to perform 


this type of calculation in eho initial design atafot to halp 
characterise and avaluata a variety of difforont flat washer 
designs bafora proceeding with thair fabrication and testing. 

Our purpoaa in presenting tha foregoing diacuaaion ia not to try 
to analyaa all of tha potantial problems in tha flex wesher 
design# but rathor to demonstrate an appreciation for aoao of tha 
•ora straightforward conaldaratlona which oust be addreaaed in 
dovaiopiny a design which wa believe haa eonaidereble ear it. 
However# since it ia an important c omp onent of our currant 
conceptual design# it mat be properly evaluated to the first 
stayas of any development program to allow an early decision 
reyardiny its suitability for tha SXftTP application. Our schedule 
for a developmental proyram# presented in faction x# addresses 
this point. 

t. The actuators, as we discussed at lenyth in faction XV# 
we believe that the most appropriate actuators for SXftTP will be 
voi«e coil actuators usiny superconduetiny wire for the coils 
thenselves. we've made soma very preliminary estimates perteininy 
to possible coil and magnet desiyns which would be suitable for 
the secondary mirror actuators. Numerical estimates are described 
more fully in Sections VXX and VXXX. 

Our initial concept is to use rectangular voice coils as shown in 
the cutaway view in rigure 3 with the magnets configured 
approximately as shown. The rectangular coil deeign seam to be a 
natural geometry for the two-axis system sinee the long side of 
the coil can reside in a rather narrow magnet yap with a 
correspondingly higher field# while the magnet yap at the ends of 
the voice coils will be larger to accommodate the motion produced 
by the perpendicular drive axis. The design may also help to 
minimise interactions between the two chopping axes. 

The magnets themselves provide an interesting design problem in 
magnetic reluctance paths and flux densities. Nr. Lou Salerno has 
been of great help in our preliminary invest i gat ions of this 
problem by providing notes from a short course he attended which 
deal with exactly this issue. 11 moving coil actuators have 
attracted significant attention in recent years for use in 
computer disk storage units where access time and head stability 
are critical factors. These are# of course# exactly the same 
problems which Mist be addressed for SXftTP. 

Since the magnet design will require seme detailed analysis# we 
have not had the opportunity within tho scope of the current 
effort to do a full preliminary magnet design for our proposed 
system, we have developed# however# sot* initial concepts as 
indicated by the wedge-shaped geometry shown in rigure 3. This 
design should lncreaso tho volume of tho magnets to allow for a 
larger volume of permanent magnet material# but special care will 
be required to obtain the correct eroes sectional area and 
field-shaping geometry in the region near the gap 14 . 
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i. The position ssnsors. Ths position ssnsors represent ons 
of ths least wail defined p rob isos at this point . While ws havs 
bsfttn to coil set iom preliminary documentat ion mi various 
commercial proximity ssnsors » ws havs csrtainiy not yet found a 
device which ssssib to bs ths natural choics. Mika Dix 7 of 
NASA has dona sqm prsiisinary work regarding capacitivs ssnsors* 
and this avsnus nssds to bs aors fully explored. Capacitivs 
ssnsors ars particularly attractive fros ths standpoint of 
simplicity and vary low power dissipation. Dix has also suggested 
a vary simple drive circuit which may bs able to meet ths SlftTf 
sensitivity and bandwidth requirements, provided electronic 
components with adequate performance can be obtained. This issue 
will bs one of the first which must be addressed in the prototype 
development program. 

7. The reaction mss. The reaction mss for the proposed 
drive is shown scheMtically in Figure 2. Like the mirror* it 
will bs supported on a universal flexural joint at its center of 
mss and is coupled to the mirror drive stem and voice coil 
assembly via a second flexural joint. We've also scheMtically 
shown two adjustable "bands" which allow the reaction mss moment 
of inertia to be trimmed by moving both bands toward or away from 
the flexural joint. The use of two bands allows adjustments in 
its moment of inertia without moving its center of mss. 

Our description here of the adjustable bands should be considered 
as conceptual rathar than as a final description of the exact 
implementat ion of the trimming adjustments. A final design for 
this concept must await a more firm design for the overall 
configuration for the reaction mss. 

To sumMrize the above discussion* we have attempted to develop a 
design for the SXRTF secondary mirror system which addresses the 
critical issues while retaining the simplicity required for a 
highly reliable spaceborne system. In addition* we have tried to 
integrate the design such that its thermal and cryogenic 
characteristics represent sound design and are a natural 
consequence of the design geoMtry. In the next section we try to 
evaluate the degree to which this design actually meets these 
standards by examining it with respact to each of the issues 
identified in Section XX as being critical to the success of the 
SIRTF program. 


VI. DISCUSSION OP THK DESIGN 


In Section II wt discussed several issues that we believe will be 
crucial to the success of SIRTP# end which could be used to 
evaluate t.ie suitability of any given design for the SIRTP 
application. The design we've discussed oust# of course# be 
subject to exactly the sane evaluation# and we will now try to 
make that comparison. 

We first want to consider the firm numerical specifications 
established by NASA which are listed at the beginning of Section 
II. The two-axis drive system and circular symmetry of our 
mounting scheme should be particularly suitable for meeting the 
requirement for a variable chopping axis# and the magnetic 
actuators should be able to produce the required chopping 
waveforms. The system should also be suitable for combining the 
fine guidance control and chopping functions as required by 
the current SIRTP specifications. 

The greatest uncertainty in our design# which we expect will be 
common to virtually any proposed design# will be its ability to 
meat the full range of specifications for chopping amplitude# 
chopping frequency# duty cycle# and thermal dissipation. Our 
major concern is the requirement for a settling time of 2.5 msec 
to a precision of 0.1 arcsec# which explains our asqphasis on 
minimising the moment of inertia of the system. The final 
performance achieved by our system will depend on the final 
combination of position and velocity transducers# servo-control 
system# actuators# and mirror assembly. However# based on moment 
of inertia estimates for our system and Nike Dix's preliminary 
work on the servo-control system# we appear to be in a favorable 
position in this respect. 

In Section III we gave special emphasis to the problem of 
minimizing the total moment of inertia of the moving elements of 
the system. As we discussed# this is a vital consideration in 
meeting the ninety percent duty cycle specification for the SIRTP 
secondary mirror. However# recent discussions with NASA personnel 
have indicated that the requirement may be relaxed to read 70 to 
90 percent# with a value of 80 percent being highly desirable. If 
we assume an 80 percent duty cycle# the allowed settling time for 
the mirror is doubled which results in a substantial relaxation of 
the requirements on the mirror and actuator system. Since our 
conceptual design was developed with the goal of achieving a 
ninety percent duty cycle# we have high confidence in being able 
to meet a relaxed specification of 80 percent. 

The system should also have an excellent chance of meeting the 
requiresMnts for thermal drift and total dissipation at the mirror 
mount. In our design there are no thermal sources or sinks 


located such chat thay will product haat flow* through cha mirror 
prepay* Furthermore# tha location of tha flax washer# which also 
serves as the thermal sink for the mirror assembly# enhances tha 
thermal design of the system by providing an effective heat sink 
between the dissipative elements in the system, and the mirror. 

Finally# the system should also meat the specification for total 
dissipation# even possibly the very stringent specification for SO 
mwatts of dissipation at the secondary mount. The use of 
superconducting wire will eliminate ohmic heating in the coils 
leaving only mechanical and eddy current dissipation. The 
estimates we give in section vixz indicate a total dissipation 
from these sources of order SO milliwatts. Measurements on the 
experisMntal actuators to be constructed in the first part of the 
developsmnt program should yield sore definitive data on this 
issue. 

To summarise# we feel that our design represents a well integrated 
approach to the SXRTF secondary mirror systam# that it has a 
reasonable chance of achieving the current SXRTF numerical 
specifications# and that it is based on sound thermal and 
cryogenic design. We will now consider# item by item# the more 
general requirements discussed in Section XX. 

1. Reliability. Mechanically the system is extremely 
simple. Once the mirror and voice coils are assembled into a 
single unit there are only two moving parts — the mirror assembly 
itself and its reaction mass. The single flexural joint on the 
mirror also represents an extremely simple implementation for the 
flexural pivot. 

Perhaps the biggest question of reliability is the problem of 
contraction and the possibility of wire breakage in the voice 
coils during cooldown# but this will be a problem in any system 
using electromagnetic actuators. Another potential difficulty is 
the leads which will connect the moving coils to the secondary 
mirror structural supports. These leads may have to survive 
billions of eycles at cryogenic temperatures without breaking. 
However# the amplitude of oscillation is minute# and if the 
transition from the mirror to the stationary housing is designed 
to insure that the oscillations do not exceed the elastic limits 
of the connecting wires the system should be capable of reliable# 
long term operation. 

2. Thermal dissipation in the mirror. A serious concern for 
SXRTF is the problem of thermal dissipation in the secondary 
mirror which can produce several severe problems for infrared 
observations. As we discussed in Section XX# thermal dissipation 
in the mirror will produce temperature gradients and time- 
dependent temperature fluctuations in the mirror. Xf the 
magnitude of such thermal effects are large enough to affect the 
infrared detectors in the telescope# the thermal gradients and 
fluctuations will combine with the chopping action of the 


secondary Mirror to produea a spurious Modulation in the 
detectors. any ineraasa in eha temperature of tha secondary 
Mirror also contributes to tha general infrarad background laval 
of tha telescope. 

we faal that our design is particularly strong in this raspact. 

Tha actuators ara located as far fron tha Mirror as possible and 
there should be virtually no heating in any of tha elements 
connected directly to the Mirror* Furthermore# tha structural 
support provides a natural radiation shield directly behind the 
Mirror which can include a layer of high^mu Material to shield the 
mirror froa any stray Magnetic fields* The geometry is also ideal 
for including a layer of high heat capacity material direcely 
behind tha mirror to help stabilise the temperature of the support 
structure# as suggested during a project review with NASA 
-•rsonnel near tha beginning of our currant study. 

The real problem here is that of thermal stability in tha mirror* 
Tha difficulty is rooted in tha extremely small heat capacities of 
materials at low temperatures. We will quantify this in more 
detail in Section VZIZ where we consider the more general problem 
of thermal dissipation in the mirror systen. we simply make the 
observation hare that the 10 pKelvin specification for thermal 
drift in tha mirror will tolerate virtually no dissipation in the 
mirror# and that any dissipation in the mirror assembly must be 
both physically and thermally isolated from the mirror. The 
geometry of our design naturally guarantees that the dissipative 
elements in the system are physically removed from the mirror. 

The required thermal isolation can be addressed in the design of 
the driva stem# and we take this issue up in more detail in 
Section VZZZ* 

The only source of thermal dissipation in the immediate vicinity 
of the mirror will be from mechanical losses in the flex washer, 
while we have not yet tried to compute the magnitude of such 
dissipation# we expect that sinee the flex washer will have to 
operate within its elastic limits to achieve the required 
lifetime# the mechanical dissipation will be very small. 
Furthermore# at its outer diameter the washer itself is connected 
directly to the support structure which serves as the local heat 
sink for the secondary mirror. This combination should insure ehat 
any heat dissipated in the flexural joint should have an 
insignificant effact on the temperature of the mirror. 

3. Distortions of the mirror. The next issue is distortions 
in the reflecting surface which will be produced by thermal 
cycling# forces which might be applied to the mirror during the 
chopping cycle <if voice coils were mounted directly on the back 
of the mirror# for example)# and from any angular accelerat ions 
produced by the chopping motion. Our approach completely avoids 
the problem of forces applied to the outside edges of the mirror# 
so our main concerns here are flexing of the mirror as a result of 
the chopping action# and mirror distortions resulting from thermal 
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•trtiHs developed during cooldown . Tho question of flexing undor 
tho chopping accelerations will hovo co addressed •• port of eho 
Mirror design process# in which tho Mirror will bo liqhtonod oo 
ouch oo poosiblo whilo Mointoininq oufficiont riqidity to koop 
ouch flexing within ollowoblo limit*. 

Tho Mirror drivo atom must also bo considered* of course* but tho 
lonqth ond othor dimensions of tho stem will bo primarily 
dotorminod by tho octuotor forces ond tho riqidity requirements 
between tho boek ond of tho drivo stem ond tho mirror* Our desiqn 
also offers on odvontoqo hero. Since tho lonqth of tho entire 
assembly is not critical# tho lonqth of tho drivo stem con bo 
optimised by boloncinq tho increased mechanical odvontoqo iron o 
lonqor stem oqoinst its incroosinq moment of inertia ond 
docroosinq riqidity. Our preliminary estimates in Section VXXX 
indicate that tho incroosinq moment of tho octuotor coil cluster 
will limit tho drivo stem lonqth to about S to t cm. 

wo have not yet invest iqatod tho question of distortions in tho 
mirror as a result of thermal stresses developed during cooldown 
from room temperature. This question is one of tho important 
aspects of tho mirror desiqn effort which will hove to bo 
performed at tho boqinninq of tho prototype development proqram. 
in terms of the impact of this issue on our desiqn# we simply 
comment that this particular problem will be have to be solved 
reqardless of the final actuator desiqn. 

4. Total thermal dissipation at the secondary mirror mount. 
Xn terms of a general desiqn for the secondary mirror system# the 
total dissipation at the secondary mirror will be determined by 
such factors as ohmic hooting in the actuator coils and 
electronics# eddy current dissipation and hysteresis losses in the 
voice coil magnets (especially if the magnets include a "shorted 
turn")# eddy current dissipation in the electrically conducting 
parts of the mirror assembly (as a result of the chopping motion)# 
and mechanical dissipation in the flexural joints. 

we have already discussed briefly the problem of mechanical 
dissipation in the flexural joints# and do not believe that this 
will represent a significant contribution to the dissipation at 
the secondary mirror mount. Furthermore# the rigidity 
requirements on the mirror assembly are so stringent that the tiny 
amplitude of permissible mechanical distortions in the mirror 
structure should insure that these contributions ere also 
negligible. This conclusion should# however# be confirmed in 
the design stages of the prototype development. 

Ohmic heating in the actuator coils of our design is eliminated by 
using superconducting voice coils for the actuators# and the 
actuator electronics can be located at a remote position. 
Consequently# the only electronics which may be required at the 
secondary mount would be preamplif iers for the position and 
velocity transducers which provide the inputs for tho 
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••rvo-control system. However # this requirement la not yot 
established# and If required# any aueh alaetronlea win ba mountad 
on tha Mirror housing rathar than on tha Mirror aaaambly. Hence# 
ita impact will ba only in terms of tha total dissipation 
requirement# and tha required cryogenic alaetronlea would hava to 
ba designed to Moot that apae ideation. Thia should not ba a 
Major problem# but it will not ba resolved until tha final choice 
of position and/or velocity sensors is Made. 

A substantial concern in tha secondary Mirror systeM is eha 
possibility of eddy currant losses in tha magnets and in 
electrically conducting materials exposed to stray fields from tha 
magnets. As we've discussed# tha problem should ba virtually 
eliminated in tha drive steM itself by using only electrically 
insulating materials in regions where there are stray magnetic 
fields. Xn Section VXXX we also address briefly the problem of 
losses in the permanent Mgnets. Since we have not actually 
designed the Mgnets# the calculations have to be taken only as 
extremely rough estimates to indicate an order of magnitude 
value. Xn designing the magnets we expect to use a "flux 
focusino" or field shaping technique similar to that described by 
Kimble 14 . Based on this concept and the hysteresis 
characteristics for commercial soft iron (which Kimble uses in his 
design)# and using approximate values for the fields we expect 
from the voice coils.* we expect the hysteresis losses to be of 
order 15 mwatts at 20 Ms. Using similarly crude estimates for the 
expected eddy current paths in the magnets# we estimate the eddy 
current dissipation to be possibly of the order of 50 mwatts for 
the four actuators. 

While the calculations we've performed to date are only rough 
estimates# they are all generally consistent with SIRTF 
requirements. At the present it is not entirely clear that the 
system can meet the design goal of 50 mwatts dissipation at the 
secondary mount# but keeping it below the 200 mwatt maximum should 
not be a major problem. Xn a more comparative approach# we note 
that the design we have proposed should have a substant ially 
better chance of meeting the dissipation requirements than any of 
the alternate designs we've reviewed. The arguments we present to 
support that statement include our use of nondissipative 
superconducting actuator coils# the low moment of inertia we can 
achieve with the drive stem design# and the elimination of 
electrically conducting materials from regions of high fields 
except for the permanent magnets. 

5. Thermal management. We use the term "thermal management" 
in a qualitative sense to describe the overall effectiveness of a 
given design in isolating the secondary mirror from dissipative 
parts of the system# and in its ability to remove heat from the 
system without producing thermal gradients and fluctuations in 
mirror. Since eliminating both of these effects will be 
absolutely critical to obtaining the ultimate sensitivity from 
SXRTF# we feel that the question of thermal management warrants 
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consideration 


icifie issue 


Ones tho Mirror has reached thermal equilibrium at its operating 
temperature* any remaining gradients must i»o tho result of some 
continuous (but perhaps fluctuating) heat flow across the Mirror* 
which* in turn* implies a choreal source and sink to sustain the 
heat flow. The solution* then* is to elieinate thereal sources 
which produce heat flow through the eirror* and to locate thereal 
connections to the eirror such that the effective heat sink is 
between the eirror and any dissipative elements in the system, 
we've already commented in Section V on some of the thermal 
aspects of our design? the following list provides a complete 
summary of the qualitative thermal characteristics of the system. 

a. All of the dissipative components in the system are 
contained inside the secondary mirror housing which functions as 
the local heat sink for the system. This serves to completely 
isolate these components from the rest of the telescope. 

b. Eddy current dissipation in the mirror can be virtually 
eliminated by using a layer of high-mu material directly behind 
the mirror to shield it from stray magnetic fields. 

c. There are no sources of thermal dissipation in the mirror 
itself* and the only dissipative element near the mirror is the 
beryllium-copper flax washer which is directly attached to the 
mirror housing structure. As we commented above* mechanical 
dissipation in the flex joint should be negligible anyway. 

d. All of the dissipation in the mirror assembly from the 
actuators occurs at the end of the mirror drive stem* as far as 
possible from the reflecting surface. Furthermore* dissipation at 
this position is minimized by using superconducting voice coils* 
and electrically insulating material for the coil carriers. 

e. The thermal heat sink for the mirror lies between the 
mirror and the dissipative elements in the system so that the 
dissipated heat can be extracted from the system without producing 
heat flow end associated thermal gradients across the mirror. 

f. A good thermal connection to the mirror assembly is 
provided by the flex washer as a natural consequence of the 
geeoMtry of the design. Furthermore* the thermal sink for the 
mirror system occurs immediately behind the mirror insuring a 
low-impedance thermal connection between the mirror and the mirror 
housing, (we discuss this in detail in Section VXXX.) 

g. The permanent magnets* in which most of the dissipation 
will occur* will be thermally and mechanically attached directly 
to the mirror housing. This will prevent any significant increase 
in the temperature of the magnets during the operation of the 
mirror. 


h. while it is net yst esrtsin that the washer design for 
ths iiaxurai pivot will bs acceptable# even if ths design should 
revert to e glebe lied Mounting using standard flex pivots# the 
geoatetry is easily adaptable to the eere brute foree technique of 
using e high conductivity flexible braid* This would probably be 
iapleeented by using a braid with a geometry very similar to that 
of the flex washer with its inside diameter attached to the stem 
with e mechanical clamp# and its outer diameter anchored to the 
secondary mirror housing. Thermally# it would function exactly as 
the proposed flex waaher. 

To summarise# we have tried to take advantage of the natural 
geometry of the stem-drive design in providing adequate thermal 
connections to the mirror# and keeping the dissipative elements 
rmsoved from the isssediete vicinity of the mirror. We believe 
that the washer design will work well in the system# but this 
remains to be verified during the first part of the prototype 
development. If the technique is indeed acceptable# it will 
further strengthen the integral nature of the mechanical end 
thermal design of the system. 

6. Compatibility with cryogenic environments, we believe 
that the design should be completely compatible with long-term# 
highly reliable operation in a cryogenic environment. Our choice 
of voice coil drivers eliminates any requirement to maintain 
extremely close tolerances as the system is cooled to operating 
temperature. Also the flex washer design allows a very simple 
connection between the mirror and washer with e simple ring clamp 
which can be easily designed to accommodate differential thermal 
contraction. 

The one critical interface interface between different materials 
is the joint between the low thermal conductivity drive stem and 
the mirror. The design of this joint must be included as part of 
the mirror design# and we anticipate that some simple experiments 
will be required to demonstrate its reliability under thermal 
cycling. The other interface which must be designed is that 
between the drive stem and the carriage for the coil cluster. 
However# this interface is ouch less critical since small 
distortions during cooldown will be much less ia^ortant and we 
will have much greater latitude in our material selection for the 
coil carriage. Consequently# we believe that the only real design 
problem will be the mirror/drive stem interface. 

There is one final point here regarding the compatibility of our 
system with e cryogenic environment, zt is interesting to note 
that that the operation of the voice coil drivers is substantially 
enhanced at low temperatures. Not only can we use superconducting 
voice coils# but the actuator performance is even further improved 
at low temperatures by the permanent magnets since both the 
remnant field and coercivity of samarium cobalt increase at low 
temperatures. This makes our selection of voice coil actuators 
seem particularly appropriate. 
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7. Provision for reaction mass. This is probably eha 
weakest aspect of our proposal design. As in savarai othar 
designs we've examined# our solution to this problem is to simply 
provida an appropriata raaetion mass mount ad diraetly bahind tha 
raal saeondary mirror, whila tha implamantation illustratad in 
rigure 2 may ba satisfactory# wa hava not yat raachad a final 
dacision on what wa baliava to ba tha bast approach, zn Section 
vzzi wa discuss two othar altarnativas to tha reaction mass 
problem. 

To conclude# wa baliava that tha above discussion demonstrates 
that our design has a reasonable chance of meeting tha full range 
of SXftTF specifications as they now exist. As we've commented 
previously# tha evolution of tha design was completely driven by 
those issues which wa identified as bain? tha most important to 
SXftTF. Consequently# it is hardly surprising that it should 
compare favorably whan measured in terms of tha vary parameters 
which drove its development. Nonetheless# wa certainly do not 
want to imply that all tha problems are solved# and in tha above 
discussions wa hava triad to identify tha issues which must ba 
addressed in substantially greater detail. Xn tha next section wa 
more completely summarise those problems which wa baliava 
represent tha greatest obstacles to a successful system. 
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VZS. THE HECHANZCAL AND THERMAL DESIGN 


Task 8 of our StaetMnt of work is to provids s recommendation for 
« spscifie cc eopcual design for SIRTP and provids justification 
for tho recommendation* with particular attention to bs given to 
tha critical issues outlined in Section II above* In the 
preceding sections of this report we have tried to define the 
post important issues for SIRTP* describe the impact of those 
issues on the secondary mirror and its actuators* and demonstrate 
the way in which those factors drove the evolution of our design. 
In section vi we presented arguments which we believe strongly 
support our recommendations. 

before discussing our outline for the prototype development and 
the sMjor issues it must address* we will present some of the 
preliminary numerical estisutes we've made in the process of 
examining various design alternatives. The estimates deal 
primarily with the central issues we've identified* such as the 
moment of inertia of the system* and not all of our results are 
entirely comforting, in those cases where the estimate may raise 
more questions then it answers* we have suide some observations 
regarding design alternatives which may help alleviate part of the 
potential problem. 

1. The moment of inertia of the system. A major esqphasis 
throughout this study has been to reduce the moment of inertia of 
the system. To obtain a feeling for the actual moment to be 
expected from our design* we've have made some preliminary 
estimates for the mirror shape shown qualitatively in Pigure 2. 

The analytical expression for the shape of the mirror was derived 
from the equation for the deflection of the end of a horizontal 
rectangular beam which is supported at one end**. (This 
approximation was suggested by our initial attempts to calculate 
the deflection of the outer edge of the mirror under a specified 
angular acceleration.) While the functional form may not be 
exact* it should be e reasonable qualitative estimate for the 
required eross sectional shape of the mirror. 

Assuming a beryllium mirror which is a solid of revolution having 
the cross section shown* we compute its moment of inertia to be 
approximately 4.S x 10” s kg-m 2 where we have used 1.8 gm/em 3 
for the density of beryllium. This value is encouraging* but we 
expect that the moment of inertia of an optimally designed mirror 
could possibly be more than a factor of two less than this. For 
example* we have assumed a solid mirror structure with the cross 
section shown* but this would probably not be the design for a 
mirror which was fully optimised to provide the greatest possible 
rigidity to weight ratio (or more correctly* rigidity to moment of 
inertia ratio). Two approaches we have briefly considered include 
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a honeycombed structure for the mirror behind a chin layer which 
provides ths reflecting surface# or alternatively# • ribbed 
•cructurs in which rsdisi ribs support ths reflecting surfece. 


we expect thet the correct epproech to this problem win be to use 
e computer-based mechenicel design package to enelyse the 
amplitude end frequency of the normal modes for a variety of 
proposed designs* Since the mirror assembly will be a relatively 
complicated structure# a fully optimised design will almret 
certainly require the use of sophisticated numerical techniques. 


Nonetheless# we can still make some initial estimates for the 
c om p o nents of the mirror system based on more elementary 
coneideratione. For purposes of this rough calculation we will 
assume some type of ceramie material for the drive stem with a 
density of order 4 gm/cm . using preliminary values for the 
expected moments and forees to be encountered# we estimete that a 
i cm hollow drive stem would need to be about 1.5 cm in diameter 
with a wall thickness of 0.25 cm to heve the required rigidity. 
The moment of inertia for this structure rotating about one end 
will be about 2.9 x 10'* kg-m 2 . since we are elreedy assuming 
a hollow stem# this value can probably not be significantly 
reduced . 


The last item to be added is the carriage for the voice coils 
which is attached to the extreme end of the drive stem. Beceuse 
it moves at the largest radius# it is particularly important to 
minimise its mass. without trying to do a detailed design for 
the voice coils# we've assumed a rectangular coil 1 cm by 2 cm 
with 300 turns of eSS niobium-titanium wire. This will give a 
mass of about 0.S grams for each of the coils# assuming the coils 
are imbedded in epoxy after they are wound* we must also allow 
for the mass of the coil carriage. Using a very rough estimate 
for its shape and assuming that it is fabricated from some type of 
plastic material (having a density of order 2.0 gm/cm 3 )# we 
estimate a total mass for the coils and carriage of about 12 
grams. The resulting moment of inertia for this mass moving on a 
lever arm of 4 cm is about 4.3 x 10'* kg-m 2 . 

Adding these contributions gives an approximate moment of inertia 
for the mirror and voice ceils of about 1.2 x 10' 4 kg-m 2 . we 
must also# however# assume an identical moment for the reaction 
mass# which gives a total moment for the system of 2.4 x 10' 4 
kg-m 2 . Our first sobering observation is that this is more than a 
factor of two greater than our design goal. However# the following 
comments are relevant to this calculation. 

a. First we have taken the moment of inertia for the mirror 
we calculated above which is appropriate for a solid mirror, we 
want to emphasize tfwt we believe this to be a worst case 
estimate# and that it should be possible to achieve a value of 
order 2.5 x 10' 9 kg-m 2 for the mirror itself. Note also that any 
reduction in the moment of the mirror reduces the total moment by 
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twice chat amount sine* tha (.section mass moment la raduead the 
tWN amount. This observation also emphasises tha importance of 
establishing an optimised mirror design as quickly as possibla. 

fc. A second improvement in tha moment of tha system can be 
realised by shortening the drive stem to ft cm which gives values 
of about |.7 x 10"* kg-m 2 tor the moment of the drive stem and 
3.0 x 10 kg-m 2 for the coil cluster. It we use a value of 3 x 
10~ s kg-m 2 for the mirror (which we feel is rather conservative) 
we estlsMte a total moment for the system of about l.§ x 10“ 4 
kg-m 2 (including the reaction mass) whieh is substantially closer 
to our goal of 1.0 x i0“ 4 kg-m 2 . 

c. we have also considered two more radical approaches to 
obtaining further reductions in the moment of inertia of the 
system one of which is shown in Figure S. This configuration# in 
which the actuator ceils are mounted on the reaction mass and 
coupled to the mirror through a flexural joint as shown# has the 
interesting numerical effect of placing the moment of inertia of 
the coils on the reaction mass rather than on the mirror giving a 
substantial reduction in the total m o m ent of inertia of the 
system. 

Por example# if we take the moment of inertia for the mirror 
to be 3.0 x 10“* kg-m 2 with a ft cm drive stem# the total 
moment of the system could be of the order of 1.0 x 10* 4 kg-m 2 
since the coils would act to cancel the torque from the mirror 
rather than add to it. Our greatest objection to this technique 
is that it represents a substantial complication in the design of 
the combined mirror /actuator system# and interposes an additional 
flexural joint between the actuators and the mirror. 

Another alternative approach would be simply to construct the 
reaction mass as a completely separate unit having its own voice 
coils and magnets# but driven synchronously with the real mirror. 
This has the distinct advantage of mechanically decoupling the 
reaction mass from the actual mirror while still providing a 
react ionlass system. The primary disadvantages are the added 
weight of a second complete set of permanent magnets at the 
secondary mount# and an increase in the thermal dissipation at the 
secondary mirror mount. However# since each of the eight 
actuators would have to deliver only about half of the force 
required if only four actuators wars present# we estisMte that tha 
total dissipation from the actuators (both electronic and 
dissipative) would increase by only about 2ft parcent. 

d. Our final observation here concerns recent indications 
that the SZkTF duty cycle specification may be relaxed to require 
only an to percent duty cyele. As we have commented previously# 
thie will result in a significant ralaxation of the performance 
requirements for the actuators and servo-control system# since an 
•0 percent duty cycle means that the settling time will be 
doubled. Zf# indeed# the SZRTP duty cycle specification is 
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relaxed# th« importance of achieving the absolute •tntaua rmmi 
of inertia will ba correspondingly reduced. 

to summarise «ha abova observations# ic it apparent that chart ia 
no elaareue ehoieo for iapletmnting eha reaction mess# and chi a ia 
eonaiatant with our earlier coaoanc that chia aapaee of our daaifn 
ia probably eha weakest. A more firm daciaion will hava to await a 
aifnif ieantly mors daeailad system daaifn affort than we hava 
undertaken hara. 

2. A second critical iaaua for tha SXftTF secondary mirror ia 
tha question of tha real dissipation at tha secondary Mirror count . 
This is a another particularly difficult problem to solve 
analytically for a coop li cat ad shape# but one can cake sona 
siaplifyinf assumptions in our gso ms try. Specifically# ainca 
thara are no sources of thermal dissipation in our secondary 
Mirror das if n which can introduce heat directly into tha 
reflectinq portion of tha Mirror# our primary concerns are that 
tha flexural joint provide adequate tharaal contact to tha Mirror 
housinq# and that dissipation at tha and of tha Mirror diiva seam 
ba sufficiently small to prevent siqnificane thermal fluctuations 
at tha mirror. 

Thera is one vary important point wa wish to Make hara reqardinq 
thermal stability in tha mirror structure. Because of tha 
extremely lew heat capacity of beryllium# and indeed nearly all 
solid mater ials at temperatures below 10 Kelvin# only vary small 
amounts of heat will causa siqnificant temperature fluctuations, 
ror example# let us compute tha approximate tha total mass of tha 
mirror by a disk 10.7 cm in diasMter with an average thickness of 
0.5 cm# which gives a total volume of about 40 cm 3 . How the 
haat capacity of beryllium at 7 Kelvin is of order 2.0 x 10~ 4 
joules/K-cm# so that the total haat capacity of the entire 
mirror is about .OK joules/Kelvin. This means that a temperature 
change in the mirror of 10 microKelvln (the SXRT? specification) 
corresponds to a total energy fluctuation of 0.2 micro joules in 
the entire mirror. This is not a comforting observation. 

This observation clearly demonstrates that any system which 
produces any thermal dissipation in or near the mirror will have 
no chance of even approaching the thermal stability requirament 
for SXKTP. The calculation also affectively demonstrates the 
necessity for an extremaiy low thermal impedance connection 
between the mirror assembly and tha mirror housing# evan in our 
design where all of tha dissipative elements are located 
relatively far away from tha reflecting surface. 

we do not pretend to have adequately addressed this problem in 
this preliminary effort. However# because of our physical 
geometry and the effort we have made to minimise the total amount 
of energy which Mist be ceelt with in our system# we believe that 
our design can deal with the problem at least as wall as any other 
design we’va considered. This discussion also explains our 
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insistence on using en electrical insulator for the drive stem# 
which oust extend into a region where there will be stray fields 
free the magnets# even at the expense of creating a difficult and 
critical joint between the drive stee and the mirror. it is clear 
fro* the above discussion that every effort oust be made to 
virtually eliminate thermal dissipation in the mirror assembly* 
and insure that even tiny amounts of dissipation occur as far from 
the mirror as possible. The discussion in Section vixx provides 
further insight into this problem. 

3. A problem which has been observed in other articulated 
secondary mirror systems 10 ' 11 is that of mechanical 
resonances. Hike Dix and Lou Salerno of NASA have also recently 
encountered some problesM with resonances in their first test 
device 1 ' . Specifically# they report two resonances - one at 
about 30 H* having a Q of about 6# and a second at about l.S khs* 
also with a 0 of about S to 6. We have also given some 
consideration to the problem of mechanical resonances in our 
system. 

In Section XV we cosssented on the problem of Mechanical resonances 
in the context of ehe actuators for the system. Specifically# we 
noted that the actuator devices need to be free from any 
resonances which can interfere with the operation of the 
servo-control system (or more specifically# lie within the 
bandwidth of the feedback system). This is* of course* also true 
of the entire mechanical structure of the mirror system* and this 
has been a major consideration in our efforts to keep the system 
mechanically simple. Nonetheless# there are three components of 
our system which must can generate mechanical resonances which 
we've considered. 

a. One possible resonance could be generated by flexing of 
the drive stem with respect to the front part of the mirror. To 
estimate the force constant associated with this type of 
oscillation* we used the expression for the deflection of a beam 
supported at one end with a force applied to the other end 1 . 

While we have not BMde a final decision on the material to be used 
for the drive stem# to illustrate the problem we will consider a 
drive stem fabricated from an aluminum oxide ceramic material 
which has a rigidity similar to that of beryllium 16 . 

Assuming a stem geometry of 1.5 cm outside diameter# 1.0 cm inside 
diameter and 5 cm long* we found a force constant of about 4.9 x 
10 5 newtons/radian. For the moment of inertia of the drive 
stem we use the value computed above (including the coil assembly) 
which gives a total moment of about 4.6 x 10~* kg-m. The 
resonant frequency of the system can now be estimated as for a 
simple oscillatory system from* 

w c • (k/Xl 1/2 

where k is the effective torsional spring constant and X is the 
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MMnt of inertia of the lyitn. This gives s resonant frequency 
of about 1C kHs for the ceil seen. 

Nike Dix of NASA hes been performing some preliminery calculation* 
on the servo-control system for the secondary mirror which 
indicate that the required bandwidth must extend up to about 3 to 
4 kHs to meet the secondary mirror drive specifications 1 ' 7 . 

Hence* the tail stem resonance in our preliminary design should 
not present an insurmountable obstacle. However* this issue 
should receive careful attention in the initial mirror design to 
insure that the resonance is kept at as high a frequency as 
possible. 

There are at least two straightfoward ways to push this resonance 
to a higher frequency. First we can increase the diameter of the 
tail stem which will substantially increase its rigidity with only 
a nominal increase in the moment of inertia. (The rigidity of the 
stem is roughly proportional to the fourth powar of its diameter 
while the moment of inertia we are using is dominated by the 
contribution from the voice coils.) Alternatively* we can design 
the stem to have a thicker wall thickness near the flexural joint 
where it experiences the greatest bending moment. A more detailed 
calculation for the stem resonance should be done in the initial 
stages of the mirror system design. 

b. A second source of mechanical resonance is in the mirror 
structure itself. This problem must be solved as an integral part 
of the mirror design* however* and will need to be addressed along 
with such other considerations as mirror distortions under the 
chopping accelerations* damping rates of structural resonances 
excited by the chopping* and the exact mechanical design of the 
mirror for optimised performance. This comment is not to be 
construed as simply a handwaving dismissal of the problem* but 
rather to es^hasixe the importance of the secondary mirror design 
and of performing some of the initial computations for its design 
at an early date. Finally* we do not believe that this is a 
problem which can be approached in any simplified manner* and the 
analysis which would be required to obtain even preliminary 
results is beyond the scope of our current preliminary work. 

c. The other resonance which will certainly appear in the 
response function for the system is that determined by the 
restoring force of the flex washer acting on the mirror and drive 
stem assembly. This will not be a high frequency resonance* and 
will certainly fall within the control system bandwidth. However* 
provided the 0 of the resonance is not too large and does not 
occur* at too high a frequency* it should be possible to keep the 
response of the closed loop control system reasonably uniform. 

As above* we estimate the resonant frequency for the system from 
an effective spring constant for the flex washer and the moment of 
inertia upon which the restoring torque acts. Xn this case we use 
the moment of inertia for the mirror and drive stem assembly (the 
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ruction mss has its own flex wsshsr) as computed above# and wa 
Mks a crude ast lasts Cor tha effective rastorinf tor qua to be of 
ordar 20 newtons/radian for imII daflaetions. This gives a 
r a sonant frequency of about 75 Ms. Rscali that Lou Salarno and 
Mika Dix of NASA found a raaonanea at about 30 Hs with a Q of 6 in 
thair systaa which thay interpret as tha natural fraquancy of tha 
flax pivots and lavar arm in tha davica. 

Bacauss of tha vary lull momant of inart ia of tha mirror 
assembly# any typs of flaxural joint will produca a low fraquancy 
machanical rasonanca in tha sacondary mirror systam somawhara 
batwaan 10 and 100 Hs. In actual operation# tha affactiva 0 of 
this typa of rasonanca should ba damped by tha affects of 
hysteresis and eddy currant dissipation in tha paraanu magnets 
of tha voice coil drivers. Consequently# tha rasonanca should not 
produca any extreMly high 0 affects. 

Furthermore# by changing tha design of tha flaxural support# we 
can increase or decrease tha effective machanical resonant 
fraquancy to help optimise tha perforMnce of tha servo-control 
systam. Further calculations which address this issue in detail 
and modal tha systam response will ba part of tha initial design 
whan developing an operating prototype. 

In this section# we've triad to identify tha therMl and 
machanical issues which can ba reasonably treated in a simple 
manner and uka soma preliminary numerical estimates to convince 
ourselves that our recommendations represent tha approach which 
has tha bast chance of meeting SIRTF specifications. In tha next 
section wa consider explicitly tha problems and strengths of using 
superconducting actuators and discuss further tha ramif ications of 
therMl dissipation in tha mirror assambly with respect to its 
required temperature stability. 
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VIII. SUPERCONDUCTING ACTUATORS AND THE CRYOGENIC DESIGN 


The SZRTP specifications pises such stringent requirements on the 
sysess thst the use of superconducting sctustors and ehs dstsilsd 
cryoqsnic aspects dsssrvs spseisl consideration, in this section 
we want to explicitly address these facets of the design problem. 
The overall sensitivity specification for the SZRTP telescope 
further dictates the operating terperature and thermal uniformity 
constraints placed on the secondary mirror# which are closely tied 
to its thermal design, while we discussed some aspects of the 
thermal design in the previous section# we will extend that 
discussion somewhat in the context of the actuators and cryogenic 
design of the system* 

1. The voice coils. Zn Section IV we reco mm snded the use of 
moving coil actuators with a superconducting coil assembly. Before 
proceeding further# it is legitimate to ask if the use of 
superconducting wire in the voice coil is really necessary. The 
answer to that question is probably clear fro* considering the 
ohmic heating one might »X(»ct from a copper voice coil. We can 
make a first order estimate based on some copper voice coils 
available from Kiaco# Znc. which have a force constant of 
order 4.5 newtons/^mp# and are constructed of 76 turns of *34 
copper wire on a 2.5 cm diameter, using the resistivity of copper 
at 6 Kelvin 17 (1.6 x 10“ ohm-cm) we find a coil resistance 
of order 4.4 x 10" 3 ohms for each actuator. Considering the 
ninety percent duty cycle and assuming that a current of about 10 
amps will be required to deliver the required force# we find the 
ohmic heating to be of order 40 mwatts per actuator# or about 80 
mwatts for a simple chopping motion using only one pair of 
actuators. Nike Dix of NASA has also made this calculation and has 
found an even higher value for the expected dissipation. 

This is a most compelling argument for using superconducting 
actuators. Evan this rough estimate shows that copper voice coils 
will dissipate a significant part of the maximum allowable 
dissipation at the secondary# and that there is probably no chance 
of meeting the design goal of of SO mwatts without using 
superconducting techniques. Zn addition# our estimates regarding 
the thermal stability requirements for the mirror from Section VII 
indicate that any dissipative elements attached to the mirror 
which produce more than a few milliwatts of heating in the mirror 
assembly will probably compromise the thermal properties of the 
mirror. All of these factors strongly support the use of a 
superconducting actuator. 

we have also made some very preliminary estimates concerning the 
nature of the superconducting coils and the electronics which will 
be required to drive them. As we mentioned in Section VXZ# our 
initial concept is for a rectangular voice coil comprised of about 
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300 turns o f 030 Nb-Ti superconducting wirs on • i ea by 2 es 
rsctsngulsr fens* This coil will hsvs sn inductance of about l.S 
milliHenrys 2 *. while the coil inductance will be somewhat 
altered by the nearby iron in the permanent magnet* its effect 
should not be drastic since the iron will be essentially held in 
saturation by the SmCo* magnet core. Por these rough 
estimates# let us consider further the ramifications of this 
preliminary design using the value computed above. 

we first consider the inherent L/R time constant of the coil 
itself. Since the dc resistance of the coil is zero* its L/R time 
constant will effectively be determined by the output impedance of 
the current source, since our coil inductance is only of order 1 
mH# we should be able to achieve an effective time constant which 
will not have an adverse impact on the servo-control system. 

Another important issue is the force constant for the coil and 
magnet design# which will determine the total current required to 
achieve the required force from the push-pull actuator pair. If we 
scale the expected force constant for this design baaed on the 
parameters of the Kimco coils described above# we would expect to 
achieve a value of about 11 newtons/as^ for each actuator. This 
has the desirable effect of substantially reducing the required 
currents to drive the actuators. However# the large number of 
turns also increases the coil inductance and limits the rate at 
which we can change the current through the coil according to: 


v 


Li 


where V is the applied voltage* L is the coil inductance* and i is 
the rate of change of current in the coil. Since the coil has 
zero resistance# this rate of change should be constant as long as 
the voltage V is maintained. (This is true as long as the current 
source can maintain its output voltage with increasing current. In 
a normal coil* of course# the rate of change of current decreases 
as the current increases due to the voltage required to overcome 
the resistive component of the coil's impedance.) 

To get a feeling for the voltage required* we again refer to Dix's 
calculations 7 which indicate that a maximum force of about 100 
newtons is required to drive a moment of inertia of 1.6 x 10"* 
kg-m 2 over the required throw for a 90% duty cycle. If the 
maximum current is to be achieved in about 2S0 microseconds* this 
gives a rate of change of about 1.6 x 10* amps/second requiring 
a voltage across the coil of about 27 volts. This seems quite 
reasonable. Furthermore# the rate at which changes in the coil 
current can be accomplished can be enhanced by the use of the 
"shorted turn" concept 22 . 

A vigorous analysis of the system's behavior is beyond the scope 
of this study. Nonetheless* these rough initial estimates appear 
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encouraging* and a more detailed analysis in tha first part of a 
prototypa developawtt should clarify all of tha most important 
issues in tha actuator design. we do believe at this aarly stags* 
however * that supar conducting actuators ara not only a natural 
choica for SXRTF* but will almost cartainly ba required to avan 
approach tha currant SXRTF raquiraaiants. 

2 . Tha permanent aagnats. Tha requirements for dissipation 
in tha voica coil aagnats ara# fortunataly# auch lass severe. 

Sines wa do not hava a fira magnet design# wa cannot yat perform 
any precise modelling calculations for tha dissipation in tha 
magnet material due to hysteresis and eddy currant losses. 

However# wa can make soma crude guesses to gat an estimate for 
their general magnitude. 

First let us assume that tha magnet design usee Kimbles' s concept 
of "flux focusing" so that there is a high reluctance path of soft 
iron surrounding a central permanent core of samarium cobalt* 4 . 
Than using a typical hysteresis curve for commercial soft iron* 9 # 
wa find that a complete transition of tha hysteresis curve at 20 
Harts gives a total hysteresis dissipation of approximately 6 
mwatts/cm. However# for tha type of magnets wa ara considering# 
magnets ara typically designed such that tna soft iron is operated 
with a flux density sufficiently high to saturate the soft 
iron 13 . Consequently# even when a reverse field from the voice 
coil is applied to the magnet* the demagnetising effect is only a 
few percent. (Note that if the iron is operated in complete 
saturation# there will be no direct hysteresis loss.) 

Hence# we should be able to get a very rough order of magnitude 
estimate for the hysteresis loss by assuming that the soft iron 
will be cycled through* say* 3 percent of its hysteresis loop# and 
computing the total volume of iron subjected to the field from the 
voice coil. Taking 5 percent of the value computed above# we find 
a value of about .3 mwatts/cm 3 for the hysteresis loss in the 
iron at 20 hs. Making a rather conservative estimate for the 
approximate volume of iron to be subjected to the demagnetising 
field (that is* a larger volume than wa actually expect to be 
affected) to be about SO cm 3 * we find a total hysterasis loss 
of order IS mwatts for all four actuators. 

The question of eddy current dissipation in the magnets is not so 
easily analysed with this type of simple approach* since it will 
depend on the particular current path in the magnet. However* in 
the region nearest the voice coil* we might assume a current path 
in the magnet pole tip flowing in reeponse to the demagnetising 
flux generated by the voice coil. Again trying for only an order 
of magnitude estimate# let's assume that the demagnetising flux 
penetration depth into the pole tip is of order 10 percent of its 
thickness# giving a cross-sectional area for the flux penetration 
of order .023 cm around the coil circumference of about 6 cm. 
Further assume a cross sectional area for the current path around 
the pole tip of order 0.25 cm x 0.3 cm. This gives a value for the 
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eddy current dissipation of ordsr 12 mwatts psr actuator averaged 
ovar tha antira chopping cycle* or about SO mwatts for all four 
actuators. 

This estimate is not particularly comforting* but bacausa of its 
extremely cruda naturae it is not claar whether this estimate is 
too high or to low. Consequently* a ouch mors datailad analysis 
will ba required whan tha complete magnet design is davalopad to 
insura that tha dissipation will maat tha system spacif ieations. 
However* sinca this may ba tha most significant sourca of 
dissipation at tha sacondary mount* ona furthar interesting 
obsarvation can ba mada regarding tha addy currant magnet lossas 
as a function of tha chopping amplitude and frequency, in Figure 
6 wa show tha expected addy currant heating versus frequency for 
several values of tha chopping amplitude for a 90 percent duty 
cycle. Tha dissipation should decrease as tha square of both tha 
amplitude and frequency as shown in Figure 6* where wa have scaled 
tha plot to SO mwatts of dissipation for a peak-co-peak chopping 
amplitude of 28 aremin at a 20 Hs chopping frequency. 

Ona final loss mechanism which may contribute to tha dissipation 
in tha magnets may ba tha "shorted turn” provided to enhance tha 
rise time for tha currant in tha voice coil. Since dissipation in 
tha shorted turn will depend strongly on tha final parameters of 
tha actuator* wa have left this analysis for tha more datailad 
design during tha prototype development. However* wa can make two 
relevant comments* First* sinca tha dissipation will occur in tha 
permanent magnets and not in tha mirror assembly* it will not ba 
critical in terms of thermal affects in tha mirror. Secondly* tha 
shorted turn can ba custom designed* or perhaps completely 
eliminated* if its dissipation is excessive. Consequently* we do 
not view the shorted turn design as a critical issue at this 
time. 


3. Thermal aspects of the cryogenic design. This discussion 
is essentially an expansion of our comments in the previous 
section on the thermal nature of the system. Nonetheless it is 
appropriate to consider the issue hear at greater length since it 
presents further support for our selection of superconducting 
voice coils. The primary point we wish to reemphasize is the 
problem of dissipation in the voice coils at the end of the drive 
stem. 

To obtain an appreciation for the problem* consider the thermal 
connection between the mirror assembly and the mirror housing* in 
terms of the following simple model. To meet the si RTF 
specification for thermal drift in the mirror* let us assume that 
the maximum allowable temperature fluctuation in the drive stem at 
the flexural pivot is about 10 microKelvin. Let us further assume 
that the thermal connection is made of a solid copper washer with 
and outer diameter of 3 cm* an inner diameter of 2 cm* and a 
thickness of .08 cm* dimensions which are roughly characteristic 
of our proposed flex washer. Note* however* that we are assuming 
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CHOPPING FREQUENCY (Hz) 


Figure 6. Estimated eddy current losses in the permanent 
magnets as function of chopping frequency for 
three different chopping amplitudes 
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pure copper rather than the beryllium-copper alley free which the 
actual flax washer will be fabricated to illustrate the Magnitude 
of the problem. 

Using the thersMl conductivity of pure copper# we find that a 
steady heat flow of 0.3 Milliwatts free the Mirror steo through 
the copper washer will produce a temperature difference of 10 
uKelvin between the inside and outside diameters of the washer. 
Also note that the thermal conductivity of copper is about a 
thousand tines greater than that of beryllium-copper. The most 
obvious conclusions from this exercise wire the necessity to 
literally eliminate dissipation in the mirror assembly# and to 
develop a mirror stem design which has the proper thermal 
impedance characteristics and thermal connections to the mirror 
housing. 

Xn summarising the discussions in this sections we are led to 
mention some of the potential difficulties to be faced in actually 
constructing any system to meet the specifications we are 
considering. First# the system requires that energies of order 
100 mwatts be delivered to the system to drive the mirror 
assembly# yet the thermal stability specifications for the mirror 
require energy stabilities corresponding to a microwatt or less. 
The ramifications of this will be the virtual elimination of 
dissipation in the mirror assembly# and a thermal design which 
must deal with temperature gradients of microwatts. These values 
are reminiscent of the thermal isolation requirements encountered 
in working a temperatures of a few milliKelvin. 

with respect to the actuators# we must deal with very small 
superconducting wire (to reduce the mass of the coils and keep 
their moment of inertia small) whieh must operate in a high 
magnetic field and carry relatively large currents at a 
temperature only about 25% below the critical temperature of the 
wire. Furthermore# the nature of the moving coil actuators will 
require that reliable high-current joints be constructed between 
the superconducting actuators and the power leads which will 
connect those coils to the drive electronics. 

There are also several other problems to be solved which are 
characteristic of instrumentation which must operate at low 
temperature# such as the issues of the heat capacities# thermal 
conductivities# and differential contraction of materials. The 
successful resolution of this entire ensemble of difficult 
problems will require a careful implementation of a variety of 
cryogenic techniques and some subtle low temperature engineering. 
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XX. IMPORTANT ISSUES TO BE RESOLVED 


While solving many of ths thermal and cryogenic problsms in the 
sseondsry Mirror system# thsrs are savaral issuas In our proposed 
design which must be rasolvad at an aarly point in eha development 
of a prototype. For son* of tha potential obstacles# there appear 
to be viable# straightforward alternatives which should reduce the 
associated risk. Not all of the issues# however# can be readily 
sidestepped. Nonetheless# we believe that overall our design has 
an excellent chance of solving the remaining problems. 

The development program will have to resolve several major issues 
to provide a performance demonstretlon for the secondary mirror 
drive system. We have identified the following items as the most 
items to be addressed. 

1. Two-axis chopping and control. Using a combination of 

two independent chopping axes to generate an arbitrary chopping 
axis probably carries th* greatest risk of all the SXRTF 
specifications. The major difficulty we expect to encounter is 
the possible interaction between the servo-control systems for the 
two chopping axes which may produce instabilities in the behavior 
of the mirror control. The resolution of this question will 
undoubtedly require a combination of laboratory measurements on f 

the actual system and knowledgeable theoretical modeling of the %\ 

servo-system behavior. y 

we have already given some thought to this problem. For example# 

the rectangular voice coil geometry was selected to help optimize 

the actuator performance yet allow two-axis motion of the single 

drive stem. Also if capecitacive sensors are used to provide * 

position information for the servo-control system# they can be 

geometrically configured to be insensitive to chopping about an 

orthogonal axis. More in-depth considerations will ba required as 

a detailed prototype design is developed. These comments are 

intended to emphasise the importance we place on this issue# and 

the potentially difficult problems presented by cross-talk between 

the two independent chopping axes. 

2. The control system. As a separate issue from the 
question of developing a full two-axis chopping capability# the 
complete set of SXRTF specifications place stringent requirements 
on the system. This is reflected in our concern for optimizing 
the system# especially its moment of inertia. Nonetheless# even 
with our design we feel that our goal of meeting the full range of 
numerical specifications set forth for SXRTF is still very much in 
question. 

As we have emphasised throughout this report# the greatest 
uncertainty lies in the difficulty of meeting the settling time 
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specification at maximum chopping amplitude and frequency. 

Dlx's calculations 7 indicate that our servo-centrol/actuator 
combination will approach the required performance* but we have 
yet to fully account for the practical experimental difficulties 
we will undoubtedly encounter. 

3. Thermal effects in the secondary mirror. Clearly another 
important problem will be the thermal isolation of the mirror and 
the elimination of dissipation in the mirror assembly. One 
problem in dealinq with the thermal character of the mirror is 
that experimental meaeurementa to verify its performance will be 
difficult# even once the final prototype unit has been fitted with 
a real mirror. Hence# we feel that it will be essential to 
present eonvincinq evidence for the thermal nature of any proposed 
system before Mkinq final desiqn decisions. 

Xn this context# we ean make one point with respect to our 
proposed desiqn. All of the major dissipative elements in the 
system are connected to the mirror only throuqh the drive stem* 
and there will be essentially no thermal conduction throuqh the 
mirror. Furthermore since all of the thermal sources and sinks 
in the mirror assembly are localised and can be well defined# we 
should be able to construct an excellent thermal model for the 
entire mirror assembly. Consequently# we believe that careful 
thermal modellinq of our system in the desiqn staqe should provide 
the required confidence ir its predicted thermal performance. 

4. Resolution of system resonances. Another potential 
problem in this system is the requirement for a relatively wide 
bividwidth for the servo-control system# and the possibility of the 
mirror/actuator system qeneratinq mechanical resonances at 
frequencies within that bandwidth, we discuss this point in some 
detail in Section VXXX where we identify three potential 
resonances in our system - oscillations of tne tail stem# 
oscillations in the mirror structure itself* and the natural 
resonance associated with the mirror system inertia and the 
restorinq force qenerated by the flex pivot, while only the last 
of these three resonances should siqnif icantly affect our desiqn# 
its qreatest impact will probably be felt in tryinq to meet the 
pointinq accuracy and settlinq time requirements. We make some 
simple estimates reqardinq these resonances in Section VXXX; a 
more detailed analysis will have to be performed when a prototype 
device is deaiqned. 

&. Position and velocity sensors. Hike Dix of NASA has made 
some preliminary invest iqat ions into this problem which indicate 
that a capacitive position sensinq system My provide the 
requisite sensitivity for this application* if the excitation and 
detection electronics are properly deaiqned 7 . we have also 
discussed the possibility of usinq optical position sensors and 
possible conf iqurations for velocity transducers which would 
provide direct velocity InforMtion for the servo-control system. 
This My well be a necessity for SXRTF since dif ferentiatinq a 
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position signal esn introduce additional errors# not inharantly 
valatad to ttia position sensors# into tha servo-control loop. 

Zn addition to our preliainary discussions with NASA personnel 
regarding different types of sensors# we have also begun to 
aeeusnilate interaction on cossserelally available proxiaity sensors 
whieh eight be suitable. Beyond these very preliainary steps# 
however# we have given little further consideration to this aspect 
of the deuign. Consequently# while we believe that this issue 
carries soaewhat less risk than tha others we've discussed# it 
will have to receive significant attention during the prototype 
design# including an extension of the laboratory tests Hike Dix 
has been perforaing. 

S. The flex washer. The only itea that truly represents a 
developaental effort is the design of the flex weeher# which is 
the only substantial departure of our design froa soae other 
previous articulated airror designs 10 ' 11 . An laportant point 
here is that# even if the concept should fail catastrophically# a 
aiaple alternative is laasdlately available in the fora of a 
giabelled noun ting scheae based on conventional flex pivots. There 
is nothing in our dosign whieh inherently prohibits the giabelled 
aount - but a giabelled aount will be auch aore difficult to 
iapleaant in a systaa which requires that the aoaent of inertia be 
kept saall. Consequently# while the fabrication end testing of the 
flex washer will require a noainal investaent to datoraine whether 
it is suitable for our application # its inherent siaplicity and 
contribution to the theraal design of tha systea sake it 
attractive if it can aeet the systea specifications. 

7. Another laportant issue which aust be addressed at tha 
beginning of the prototype developaent is the exaet design and 
Material selectlor for the secondary airror. There are several 
aspects to this problea# as we list below# all of which aust 
receive substantial attention at the beginning of the prototype 
developaent • 

a. The airror design aust be optiaised to ainiaise its 
aoaent of inertia while providing the requisite rigidity for the 
structure. 

b. The question of distortions in the airror during cooldown 
aust be investigated# and a decision reached concerning the 
Material selection for the airror. 

c. Additional work is needed to aore fully investigate the 
problea of possible theraal fluctuations being generated in the 
airror by dissipative effects in the airror drive stea. This work 
needs to specifically address the problea of interfacing the 
airror and drive stea. 

Coapiling the above list of laportant issues for developing a 
secondary airror prototype has prompted us to Make some 
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preliminary numerical estimates for soma of the issues which can 
be treated# at least initially# in a mere simple-minded manner* in 
the next section we present some of these very preliminary 
calculations alone with some additional thoughts on our conceptual 
design. Xn Section XX we set forth a program outline for actually 
developing an operating prototype of our proposed secondary mirror 
system. 
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THE PROTOTYPE DEVELOPMENT PROGRAM 


in rtviMint our discussion of chs M)er issues which wit be 
resolved in developing en operating prototype for the secondery 
Mirror system# we meke the somewhet disturbing observer ion thet 
those issues which eppeer to contain the greatest uncertainties 
(pointing control and two axis chopping capability) could normally 
not be resolved until the actual operating model has been 
constructed and subjected to experimental messursments . for 
precisely this reason we feel that it will be extremely important 
to construct s preliminary brassbosrd model of the device at the 
earliest moswnt# with the proviso# of course# that the model can 
represent the real system closely enough to provide meaningful 
data* 

in our schedule for the devel o pment program presented below# we 
have tried to address this problem by identifying those items 
which mist be done before a simple model can be constructed and 
completing this work as quickly as possible, by scheduling these 
tasks near the beginning of the program# we hope to quickly reach 
the point where we can construct a simple model to operate at room 
temperature which can be used to resolve acme of the important 
questions concerning the servo-control system. These tests can 
then proceed in parallel with other tasks which deal more with the 
general prototype design and the cryogenic aspects of the system. 

In Figure 7a we present a time chart for the first part of the 
project which identifies significant milestones end shows the 
approximate calendar schedule for their completion. The most 
important goals to be achieved early in the program includes 

a. A detailed analysis for an optimal mirror design. 

b. The design and testing of the flex washer joint* 

c. The design and testing of superconducting actuators. 

d. Identification and testing of appropriate position and 
velocity sensors. 

e. The design and construction of a room temperature model 
to resolve issues concerning the serto-control system. 

Included implicitly in the above tasks is the design work which 
will help determine the precise design of the mirror system, such 
as the exact geom e try for the magnets and actuator coils# more 
detailed estiswtes for hysteresis and eddy current losses in the 
system# thermal and mechanical modelling of the structure# and the 
details of the mecnanical design for intsrfscing the various 
com pon ents of the mirror assembly. 
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Xn practice the device Cor costing the in-situ performance of the 
flex washer design eon alto provide the room temperature teat 
apparatus Cor examining the behavior of the servo-control system. 
Then* as soon as the position and velocity sensors are available* 
and we have seme reasonable estimates Cor the moment oC inertia oC 
the system* we can construct an operating room temperature model 
and begin testing the servo-system. This will be extremely 
helpful since it will provide infors^tion about the control system 
at an early point in the program. 

We've divided the program into essentially Civs separate phases 
which reClect the chronological order oC the work. Discussions 
with NASA personnel indicate that a total developmental schedule 
oC about 10 to 12 months should be consistent with the current 
schedule Cor the overall SXRTP system development. During Phase X 
we would try to address the most important design issues Cor the 
system* and begin constructing the test apparatus Cor evaluating 
the Clex washer concept, we would also need to identiCy the 
required equipment and test Cixturing needed to perform more 
complete system tests once the complete prototype has been 
constructed. 

Xn Phase XX most of the critical preliminary experiments would be 
perCormed on individual elements of the system. These experiments 
and measurements will insure that each the critical components of 
the system can meet their design specifications* and will provide 
performance information on each cosg>onent to be used in developing 
the final prototype design in Phase IXX. The experimental work 
will include performance and reliability testing of the flex 
washer concept* initial testing on a superconducting actuator to 
characterise its electronic behavior* and testing and evaluation 
of different position and/or velocity sensors which might be 
suitable for our application. 

we believe that it is important at the beginning of Phase XIX to 
develop a room temperature srodel to be used for preliminary tests 
on the questions of pointing and control of the mirror. To this 
end* one of the last tasks in Phase XX is to develop a preliminary 
design for the servo-control system for the prototype* and 
construct a 4-element voice coil assembly which can be used to 
investigate the behavior of the two-axis chopping and control 
problems in a room temperature test device. The additional effort 
required for the room temperature experiments would be nominal* 
since the mechanical apparatus for these experiments would the 
same test fixture which had been previously constructed for 
testing the flex washers. 

This is also a natural point Cor constructing a preliminary model 
of the servo-control system Cor the prototype. By addressing the 
electronic control system at an early date* using the results of 
experiments on the individual components* we would have the 
preliminary date from a brassboard servo-control unit to provide 
data Cor the more detailed prototype control system design to be 


den* in th* l**« part of Phase XXX. 

while th* rooe temperature t**t device would net h*v* th* full 
b«ndwldth capability ef th* eer* complete version# it will provide 
valuabl* information on th* i**u*s ef pointing accuracy# and 
possible interaction b*twa*n th* two chopping axes. Furthermore* 
in t*rm* of th* d*v*iopm*nt effort its*lf# it will b* extremely 
difficult to work out all th* problems in the control system using 
only a cryogenic model. We b*li*v* that tha small additional 
affort required to s*t up a room t*mp*ratur* modal of the two-axis 
actuator system will b* repaid many times over in tha convenience 
of solving problems in the servo-control system with a room 
tamperatur* test model. 

Using the information derived from th* Phase XX effort# then# we 
would expect to develop construct and test the room temperature 
model at th* beginning of Phase XXX. Then# using the data obtained 
from these experiments# the last part of Phase XXX would be 
devoted to developing detailed design for the full operating 
prototype. At this point we should have demonstrated th* 
performance of the superconducting actuators# the position and 
velocity sensors* th* flexural joint# and the electronic control 
system, xn addition# we should have obtained some preliminary 
information on th* performance of th* servo-control system. 

Phase XV would be completely dedicated to th* construction and 
preliminary testing of th* full prototype unit. The preliminary 
tests should indicate the more obvious problems with th* final 
design* and we expeet that the any substantial engineering changes 
would also be carried out during Phase XV. 

The final stage of the development program would then simply be 
devoted to testing and evaluating the full prototype unit, in 
addition to examining the pointing control and chopping 
performance of th* model# we would also be investigating its 
thermal performance. Proper test instrumentation attached to the 
device could provide information on eddy current dissipation in 
both the mirror assembly and the voice coil magnets, we could 
also make some preliminary measurements of thermal drift in the 
mirror itself. This final phase of the development program would 
also includa any engineering effort required to analyse and 
correct any deficiencies in finished prototype. 

Xn this type of development effort* we would expect there to be a 
very close relationship between th* contractor and NASA personnel 
who are familiar with the SXRTF program. Xn particular* NASA 
personnel have dealt for many years with th* problems of 
developing space qualified hardware and launching complex* 
high-precision instrumentation into space. Furthermore* since th* 
performance of the secondary mirror system is critical tha tha 
success of th* project* the NASA personnel who era most familiar 
with SXRTF’s scientific goals and requirements should remain in 
close contact with this effort. 


To cry to summaries our development program and cho abova 
discussion more concisely# wo hove icsmizsd chs various casks as 
follows. Thasa casks* which ara grouped inco cha four phasas as 
discussed above# represenc a summary of che development program. 
Figures 7a# 7b# and 7c show che approximate scheduling of che 
casks. 

Phase X Tasks t 

1. Perform computer-aided modelling calculacions co 
decermine opcimum shape for mirror which will produce che 
required rigidity and minimise ics momenc of inercia. This 
should include thermal and mechanical modelling of che mirror 
drive seem and voice coil mouneing scruccure as well as more 
derailed eseimaees for dissipacive losses in che scruccure. 

2. Xdencify and purchase or eonscruec appropriace posicion 
and velocicy cransducers wich deeeecion eleecronics which can 
be reseed for possible use in che secondary mirror 
servo-control syscem. 

3. Develop an inicial design for a super conduce ing voice 
coil accuacor and a simple drive eleecronics which can be 
used co eharaccerise che accuacor. This cask muse also 
include che design for a simple fixeure suicable for 
eeseing che accuacor in a cryogenic environmenc. 

4. Develop a specific design for che flexural washer joint 
wich consideracion for possible meeerials co be used* ics 
reliabilicy and expeceed operacing life* and che chermal 
conduccivicy che joint will provide co che mirror. 

$. Design a simple cesc fixeure suicable for eeseing che 
flex washer joints. The cesc scacion muse be designed co 
allow eeseing of che poineing accuracy* posieioning 
reproducibilicy during chopping* and scabilicy of ehe 
rocacion axis. Since ehis cesc scacion will also be used co 
cesc a room cemperaeure model of che proeoeype co resolve 
problems in Che servo-concrol syscem* ics inicial design 
should be cosqpatible wich chis addicional funccion. 

6. Define che performance eeseing which will be required for 
che final proeoeype. xe will be imporeanc co define che 
eeseing co be performed on che final proeoeype co allow 
sufficienc lead eime co obeain che necessary casting 
equipment and construct any fixcuring which may be required. 

Phase XX Tasks* 

7. Using data for che optimised mirror design from Task 1# 
develop final performance specifications for ehe actuators* 
posicion* and velocicy sensors. These calculacions 


represent preliminary work which will culminate in the 
complete servo-control system to be developed in Phase III. 

8. Purchase or construct those components required for the 
position and/or velocity sensors which were identified in 
Task 2# and construct any minor test fixtures which will be 
required to perform some preliminary tests of the actuators, 
we expect that these tests would be minimal. For example# we 
might wish to perform some brief preliminary experiments 
simply to insure that the sensors behave as expected in a 
cryogenic environment. 

9. Construct and characterize the behavior in a cryogenic 
environment of the prototype superconducting actuator from 
Task 4. These tests will also help define the requirements 
for the actuator drive electronics for the final prototype. 

10. Construct the apparatus from Task 5 to be used both for 
testing the flex washers end for testing the servo-control 
system with a room temperature model of the prototype. 

11. Fabricate and test the flexural washer samples based 
on the designs developed in Task 4 using the test apparatus 
constructed in Task 10. 

12. Design a set of room temperature actuator coils and a 
preliminary brassboard control system which will be suitable 
for operating a room temperature model of the two-axis 
chopping drive using the flex washer test fixture. 

13. Identify the test equipment and fixturing which will be 
required for the prototype performance testing. Most of 
these requirements will depend on the exact testing to be 
done which was defined in Task 6. 

Phase III Tasks t 

14. Identify the most promising design for the flexural 
joint# and fabricate a flexural joint which is suitable for 
use in the room temperature model. 

15. Construct the room temperature model of the two-axis 
drive system and the preliminary brassboard control system 
designed in Task 12. 

IS. Perform experiments and measurements on the room 
temperature model constructed in Task IS to determine the 
ability of the system to meet pointing stability 
specifications and to identify possible problems in the 
implementation of the two-axis drive system. 

17. Using data obtained from measurements on the mirror# the 
actuators# the position and velocity sensors# and the room 


temperature model* design the complete operating prototype eC 
the secondary Mirror control system. 

18. login tho purchase and/or fabrication of tha test 
apparatus which will ba required to adequately characterise 
the ayateai in the final sequence of performance tests. 

Phase zv Tasks * 

19. Pabricate tha entire operating prototype for the 
secondary mirror control system* including tha final design 
for the electronic servo-control system. 

20. Perform preliminary testing of the finished prototype to 
identify any obvious design problems* and modify the system 
as required to correct the problems. 

Phase V Tasks t 

21. Perform the entire sequence of testing which has been 
previously identified to verify the performance of the final 
prototype unit. These tests should be designed to fully 
characterise the mechanical* electronic* and thermal behavior 
of the system* and we expect that the measurements will 
require that some reasonable instrumentation be attached to 
the mirror to make the necessary measurements. 

In the above task breakdown we have tried to address in fairly 
general terms all of the work which will have to be done to 
develop the desired system, we have not assumed any particular 
assignment of the different tasks* only tha general order in which 
they must be accomplished* since some parts of the work must 
naturally ba dona first. However* some of the tasks require very 
specific skills or capabilities* such as the optimization of the 
mirror design in Task 1* for example. In managing this 
developmental project* it may be desirable in some special cases 
to assign a single task or group of tasks to an individual or 
group which has very specialized knowledge about the specific 
problem to be solved. 


XX . CONCLUSION 


To conclude this final report we would liko to quickly summarize 
our most important conclusions regarding tha overall program. 
First# wa faal those issues discussed in Section XX to be the most 
important problems which must be addressed by the secondary mirror 
design. 

1. Reliability and simplicity. 

2. Thermal dissipation in the mirror. This issue is 
graphically demonstrated in Section VXXX. 

3. Distortion in the mirror# both during cooldown and as a 
result of the chopping accelerations. 

4. Total thermal dissipation at the secondary mount. Even 
if there is no electronic dissipation at the secondary 
mount# the calculations of Section VXXX make us cautious 
about deemphasising the importance of this issue. 

5. Thermal Management. Again# the calculations of Section 
VXXX graphically demonstrate the vital importance of 
proper thermal design in the system. 

6. Overall compatibility with a cryogenic environment. This 
is closely related to that of reliability. The system 
simply oust be able to function reliably at liquid helium 
temperature# and must be able to withstand repeated 
thermal cycling between room and cryogenic temperatures. 

?. Reaction mass. The pointing stability requirements for 
the telescope virtually demand a reactionless system at 
the secondary smunt. The system must provide that 
feature in soma reasonable manner. 

Xn Section XXX we diseuss at some length the issue which we 
believe is a corollary to the above requirements - that the 
secondary mirror system requires that the absolute minimum moment 
of inertia he rotated at the secondary mirror. This view is 
further supported by our estimates in Sections VXX and VXXX which 
identify some of the major problems that will have to be faced in 
meeting SXRTF specifications. Xn particular# we are convinced 
that the stringent chopping specifications can be met only by a 
system whieh first minimises the total mass and moment which must 
be tmved# then incorporates the stoat efficient possible actuators 
to produce the required torques. 

The requirement for minimising the mostent of inertia also means 
that we will want to use a material for the mirror which has the 
greatest possible strength to weight ratio. However# the final 


decision on this will probob ly rose with those who do tho detailed 
calculations on tha mirror design. 

Ths actuators may also have a significant impact on the total 
moment of inertia of the system# and these are exactly the points 
we addressed in section ZV in our discussion of actuators. Zn 
brief i 

1. we believe that moving eoil actuators are the most 
natural selection for the secondary mirror drive system. 

2. By using superconducting voice coils and electrically 
insulating materials for the coil carriages/ dissipation 
in the mirror aesembly can be nearly eliminated. 

3. Any actuator in which any dissipation occurs must be kept 
away from the mirror and mounted such that its 
dissipative elements do not produce thermal dissipation 
in the mirror assembly itself. 

4. The actuators themselves must not contribute excessively 
to the moment of inertia of the system. This is 
consistent with our concern for minimising the torques 
and energy whieh are required to drive the system. 

The importance of minimising the totel energy which must be 
delivered to the system is further emphasised (if indeed further 
emphasis is needed) by the somewhat disturbing calculations in 
Section VZZZ/ regarding the difficult problem posed by the 
temperature stability requirement for the mirror in light of its 
tiny heat capacity at ? Kelvin, zt is not at all clear that this 
specification can be net when we consider that the energy required 
simply to move the mirror ae required must be a million times 
greater than the allowable fluctuations in its enthalpy. 

Zn considering the full range of issues which must be addressed 
in the secondary mirror design/ we've been led to the design 
concept described in detail in section v. while the design 
certainly leavee open the question of its ability to meet all of 
the SZKTP requirements/ we believe that the discussion in Section 
vz demonstrates that it does indeed address nearly all of the 
most critical issues in a reasonable manner. The most significant 
unresolved questions are described in Section IX. 

zn Section X we have tried to outline a program for developing a 
complete laboratory model for the system which can be used to 
investigate some of the critical issues surrounding the secondary 
mirror/ and provide some firm experimental data upon which further 
decision* can be made. Since the secondary mirror system is one 
of the most vit«. > subsystems of SZRTF/ it is important that these 
questions be resolved in a timely manner. That is the primary goal 
of our proposed program. 


Finally* it should bo elaar (roa tha raaulea of this study that 
tha successful rasolution of tha antira sat of cryogenic and 
thermal design proto lasts posed toy the SXRTF secondary Mirror system 
as currently specified will require the utmost care in tooth the 
design end prototype development progress. As we pointed out at 
the end of Section VXXX# some of the thermel design aspects of the 
system will have to consider problems which are normally only 
encountered et temperatures two or more orders of magnitude below 
the operating temperature of the secondery mirror* Consequently* 
we expect thet a variety of experimental measurements will be 
required during the prototype development to optimise the system* 
and insure thet the final prototype unit will have e reasonable 
probability of being suitable for the SXRTF telescope. The effort 
will certainly have to be undertaken by people who have had 
extensive experience in the techniques and problems encountered in 
developing low temperature apparatus . 
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